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ABSTRACT

Increased knowledge of wildlife species occurring in managed pine plantations is
critical to effectively managing forests for both economic and ecological objectives. We
investigated herpetofaunal populations at three types of aquatic systems embedded in an
intensively managed pine landscape in eastern North Carolina, USA. These aquatic
systems (altered sites, unaltered sites, and roadside ditches) vary in the way they are
managed and the amount of disturbance they receive during forest management activities.
Additionally, these aquatic systems are surrounded by a range of structural conditions.
Our goal was to assess community composition and occupancy of herpetofauna as a
function of aquatic system type and stand age class. During 2013-2014, we used visual
encounter surveys, dipnet surveys, and passive call surveys (using automated recording
devices) to determine the presence of amphibians and reptiles at 53 aquatic sites. We
found that aquatic systems surrounded by varying structural conditions can support a
wide range (n=34) of amphibian and reptile species, including 4 species listed in North
Carolina as priority species. Stand age surrounding an aquatic site was not a significant
driver explaining species richness, community composition, or occupancy for both
amphibians and reptiles. We did detect differences in species richness, community
composition, and occupancy for amphibians by aquatic system type. We found greater
amphibian species richness in unaltered and altered sites, as well as composition
differences among all three aquatic system types. Amphibian occupancy varied by
species and was associated with site-scale habitat features such as vegetation and
hydroperiod. The interaction between different aquatic systems and forest management in
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this system is complex, but the mixture of aquatic sites and stand structures appears to
benefit a large number of herpetofaunal species, allowing intensively managed forests to
provide valuable habitat for amphibian and reptiles.
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CHAPTER ONE
VARIATION IN HERPETOFAUNAL COMMUNITIES OF AQUATIC SYSTEMS IN
A MANAGED PINE FOREST
INTRODUCTION
Conserving biodiversity has become an important goal for managing forests in an
ecologically sustainable way (Lindenmayer et al. 2000, Gardner 2012). Despite this, the
effects of forest management on biodiversity continue to be debated, particularly in
intensively managed plantations (Brockerhoff et al. 2008, Jones et al. 2010). Pine
plantations in the Southern United States are among the most intensively managed forests
in the world (Shultz 1997), using silvicultural operations such as site preparation,
fertilization, commercial thinning and clear-cut harvesting (Jokela et al. 2010). The
contributions of these managed forests to conserving biodiversity have been well
described, with abundant evidence that these systems can provide valuable habitat for
wildlife, including imperiled species (Wigley et al. 2000, Hartley 2002, Brockerhoff et al.
2008). Managed forests in the South are a matrix of different stand ages and spatial
configurations, thus providing a range of structural conditions that benefit wildlife
species (Wigley et al. 2000). Further, embedded within managed forests are diverse
aquatic habitats, including freshwater wetlands, riparian zones, and ditches (Jones et al.
2010, Leonard et al. 2012, Homyack et al. 2014).
Amphibians depend on aquatic sites surrounded by terrestrial habitat to complete
their lifecycle (Gibbons 2003, Semlitsch and Bodie 2003). Aquatic sites provide
conditions and structure for breeding, tadpole development, and over-wintering, and
adjacent terrestrial habitat provides adults and dispersing juveniles with forage and cover.
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Semi-aquatic reptiles also depend on aquatic areas and the surrounding upland for
foraging, nesting, hibernation sites, and other refugia (Burke and Gibbons 1995). Small
wetlands surrounded by uplands have important ecological roles and can have high
species diversity and abundance of amphibians and reptiles (Russell et al. 2002,
Semlitsch and Bodie 2003, Gibbons et al. 2006). Many of these features occur throughout
managed forests in the South along the Coastal Plain (Leonard et al. 2012). In addition to
naturally occurring aquatic habitat types in managed forests, networks of historically
created ditches are adjacent to and within pine stands. Digging of new drainage systems
in managed forests have essentially stopped in the South, but ditches are still maintained
to remove excess water, so that many managed forests have a large network of
interconnected ditches, which support numerous amphibian and reptile species (Fox et al.
2007, Homyack et al. 2014, O’Bryan 2014).
Though many aquatic systems are reconfigured by forest management, altered
aquatic systems embedded in managed forests may still provide valuable habitat for
amphibians and reptiles. For example, many amphibian species have been documented
calling and breeding in ditch systems (Homyack et al. 2014). Further, vernal-pool
breeding amphibians often oviposit in depressions formed during forest management
activities, such as machinery ruts, as well as in roadside ditches and blocked drainages
(Adam and Lacki 1993, DiMauro and Hunter 2002). Russell et al. (2002) suggested that
the lack of some common amphibian species (Pseudacris spp. and Ambystomata spp.) in
a forest tract in South Carolina may be the related to lack of disturbance, and that these
wetland-associated amphibians are often abundant in intensively managed forests. Semi-
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aquatic turtles and snakes extensively use roadside ditches (O’Bryan 2014) and small
upland wetlands surrounded by managed forest (Russell et al. 2002). Forest management
may benefit some species by opening the canopy, which creates warmer microhabitats for
reptiles and positively influences food and habitat quality for some tadpoles (Greenburg
2001, Todd and Andrews 2008, Hocking and Semlitsch 2008, Skelly et al. 2014).
Both amphibians and reptiles can occupy similar habitats and both are vulnerable
to habitat alteration, but responses to habitat alteration are substantially different between
these taxa. For example, amphibians have skin and eggs that are more permeable than
reptiles, causing amphibians to be sensitive to chemicals in water and to water loss
(Gibbons et al. 2000). Secondly, reptiles typically are more vagile and can move several
kilometers, whereas some amphibians may travel < 100 m over the course of their lives,
though this is variable (Semlitsch and Bodie 2003). Despite these differences in life
history traits, both groups of herpetofauna are experiencing population declines, which
are attributed to habitat alteration. Though managed forests are known to support a
diversity of species, wetland alterations in managed forests are not well understood in
terms of how they may affect different amphibian and reptile communities (Cushman
2006, Semlitsch et al. 2009).
A better understanding of aquatic systems in managed forests is critical to
managing these systems for herpetofauna in addition to economic or silvicultural
objectives. Specifically, community responses to vegetation structure and management
actions are not well-studied (Jones et al. 2010). We investigated the biological
contributions of three ephemeral aquatic system types in an intensively managed pine
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landscape in the Atlantic Coastal Plain. Specifically, we assessed amphibian and reptile
assemblages in three aquatic systems: “unaltered sites” that are avoided during forest
management, “altered sites” that are managed with the surrounding pine stand and
roadside ditches that drain forest stands. Our objective was to assess and compare
herpetofaunal species richness and community composition as a function of aquatic
system type and structural condition of the surrounding forest matrix. We predicted that
species richness would be greatest in unaltered sites and sites surrounded by midsuccessional (middle-aged) stands.

METHODS AND MATERIALS
Study area and aquatic systems
We conducted our study in an intensively managed loblolly pine (Pinus taeda)
landscape on the Coastal Plain of North Carolina (Fig. 1.1). This forest is owned and
managed by Weyerhaeuser Company and spanned Craven, Beaufort, and Jones Counties,
North Carolina. Weyerhaeuser manages over 200,000 hectares of pine plantations in
North Carolina that have unimproved logging roads and limited public access. Pine
plantation silviculture for this region typically involves clearcutting mature stands (25-35
years), followed by mechanical (V-shearing and bedding) and chemical (banded or
broadcast herbicide prescribed at the stand-level) site preparation, loblolly pine seedlings
planted at 1100 trees/ha, fertilization, and one or more commercial thinning entries
(Homyack et al. 2014). Pine plantations in this study ranged from one to about 40 years
old and embedded in and adjacent to these stands exists a complex ditch network. Also
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embedded in this forest are several types of ephemeral and permanent aquatic systems
(Leonard et al. 2012). The landscape surrounding this study area is a mixture of forest,
agriculture lands, and low density residential housing.
We sampled the three dominant aquatic systems that occur in this area (altered
sites, unaltered sites, and roadside ditches) which vary in the way they are managed and
how much disturbance they receive during forest management activities. We stratified
study sites by the surrounding plantation age (early, middle, and late) to assess how
different structural conditions influence herpetofauna. These sites were surrounded by a
range of forest and non-forest features. We visited > 120 potential aquatic sites in January
– May in 2013 and January – March 2014 to identify study sites. Potential sites were
visited in a random order and were at least 500 m away from other study sites. Due to
difficulty in locating appropriate altered sites in different stand age classes, we were
unable to have a random component for all altered sites, but we did maintain at least 500
m between all sites. Altered sites were identified using previous Light Detection and
Ranging (LiDAR) work that predicted small depressions in the study area (Leonard et al.
2010), while unaltered sites were identified using GIS data and imagery. We identified
roadside ditches using local forestry records. Due to high variability in hydroperiod in
this area (i.e. sites may not have had water during site visits), we selected sites based on
presence of aquatic vegetation, visible ground depressions, and/or standing water. We
cross-referenced potential sites with harvest plans and excluded those with a planned
harvest during the project duration.
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We selected 19 roadside ditches, 18 altered sites, and 16 unaltered sites in our
study (Table 1.1). Roadside ditches periodically are reconfigured with an excavator
approximately once a pine rotation to return to original dimensions and to continue
lowering the water table for improved pine growth, survival, and operability. Ditch study
sites were maintained 1-5 years prior to the study. Because ditches were linear, connected
systems, we selected 150-m transects to repeatedly sample by generating random middle
points for each roadside ditch transect. Unaltered aquatic sites were not clearcut
harvested, commercial thinned, and did not receive mechanical site preparation, and thus
remained relatively undisturbed (size range = 0.05-2.25 ha). Unaltered sites were more
conspicuous than altered sites since hardwoods are retained and the structural integrity of
the site is maintained. Without LiDAR, altered sites are not easily discerned. Altered sites
were small ephemeral depressions (size range = 0.02-0.86 ha) that received the same
silvicultural treatments as the surrounding stand, resulting in these sites being regularly
disturbed.
We selected sites embedded in (altered and unaltered sites) or adjacent to
(roadside ditches) plantations across a range of stand ages. Stand age served as a
surrogate for structural characteristics. We selected sites so there was an even distribution
of sites surrounded by early-, middle-, and late-aged stands within each aquatic system
category, resulting in approximately 6 early-aged, 6 middle-aged, and 6 late-aged sites in
each aquatic system type (Table 1.1). Early aged stands were open-canopy, regenerating
clearcuts planted from 2008-2013 (mean age = 2.4 years, SE = 0.3). Middle-aged stands
were commercially thinned 2008-2013 to approximately 210 trees/ha and were 12-24
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years old (mean age = 15.5 years, SE = 0.9). Late aged stands were closed-canopy,
commercially thinned 1991-2003 (with the exception of one site thinned in 2008, which
maintained late-aged structural conditions) and were 21-40 years old (mean age = 28.1
years, SE =1.4).

Figure 1.1. Study area and aquatic sites within a privately managed pine landscape
spanning three counties (Jones, Craven, and Beaufort Counties) in eastern North
Carolina, USA. (WEY = Weyerhaeuser).

Aquatic site characteristics
At each site, we quantified habitat data before and after leaf-out, March and May
respectively, in 2013 and 2014. We measured the size of altered and unaltered sites by
walking the perimeter of each site with a Garmin-etrex10 GPS unit with a WAAS
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accuracy of <3 meters (Garmin, Chicago, IL) (Weyrauch and Grubb 2004). We
delineated perimeters by identifying the high water line, ground depressions, or abrupt
changes in vegetation. We estimated water depth (cm) at the deepest point and canopy
openness using a spherical densiometer (Forestry Suppliers, Jackson, Mississippi). At
ditch sites, we measured canopy openness at the center and near both ends of the 150 m
transect and for altered and unaltered sites, canopy openness was measured near the
center of the site, when possible, and at 2-7 locations along the perimeter.
We characterized vegetation cover by estimating the percent (< 5% = 1, ≥ 5 to <
25% = 2, ≥ 25 to < 50% = 3, ≥ 50 to 75% = 4, > 75% = 5) of site area comprised of
aquatic vegetation [reeds, aquatic grass, and other aquatic vegetation], hard structured
vegetation [cattail (Typha latifolia) and switch cane (Arundinaria gigantea)], grass, and
shrubs (Weyrauch and Grub 2004). We also quantified percent cover of substrate
including mud, soil, pine needles, and deciduous leaves. We quantified temperature (°C),
dissolved oxygen (%), pH, and conductivity (µS/cm) at the shallow margins of sites
during habitat surveys using a YSI meter (YSI Inc., Yellow Springs, OH). During habitat
surveys and all site visits, we noted the presence or absence of water. We estimated
hydroperiod as the percent of time a site was holding water by summing the number of
times water was present divided by the total number of unique visits. We used this
approach because many of our sites temporarily dried and refilled between visits.
Herpetofaunal surveys
We assessed herpetofaunal species richness and assemblage composition using
multiple survey methods from January-July 2013 and January-June 2014. We used
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multiple survey methods to increase detections and encounter more species (Corn et al.
2000, Ryan et al. 2002). Visual encounter surveys (VES) were used to detect reptiles and
amphibians, while dipnetting and passive call surveys were used to detect just amphibian
species. We performed six VES January – July 2013 and six VES March-June 2014 by 12 people searching the shallow margins of sites, or along the 150 m ditch transects, when
temperatures were ≥ 10 ○C, regardless of water presence. Visual surveys were not time or
area constrained due to variability in site size and complexity (Gunzburger 2007). We
identified individuals to species when possible, including egg masses, tadpoles, adults,
and calling anurans. We noted age class (egg mass, larval, juvenile, adult, or calling) and
the number of individuals/egg masses. For tadpoles, only the presence of a species was
noted because we encountered large numbers of tadpoles.
We sampled larval amphibians with four dipnet surveys April-July 2013 and six
March-June 2014 approximately once a month. For altered and unaltered sites, we used
dip nets with a 40.6 cm x 40.6 cm frame and a net that was 40.6 cm deep with a 3/16”
mesh. At ditch sites, due to steep banks, we used a telescoping pool pole with a 40.6 x
45.1 cm frame and a net that was 40.6 cm deep and had a fine mesh. Each site received
approximately 10-40 sweeps based on an estimate of the percentage of water available at
a site (< 0.1 ha = 10 sweeps, ≥ 0.1 to < 0.5 ha = 20 sweeps, ≥ 0.5 to < 1 ha = 30 sweeps, ≥
1 ha = 40 sweeps) (Gunzburger 2007). We dipnetted every 4 to 6 meters along the
perimeter of a site using a 1 m scoop while jabbing the net into the substrate towards the
shoreline (Heyer et al. 1994). We sampled the same 150 m ditch transect used in visual
surveys. We also sampled unique micro-habitats that may have been missed, such as a
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patch of aquatic grass (Richter-Boix et al. 2007). We counted and identified larval
amphibians and fish in the field to species when possible.
We used automated recording devices (Song Meters model SM2+, Wildlife
Acoustics, Maynard, MA) to document presence of calling male anurans at ephemeral
aquatic sites. We equipped Song Meters with two microphones and recorded at a sample
rate of 22050 Hz, capturing the frequencies of all anurans occurring in the study area
(Homyack et al. 2014). We deployed Song Meters January-June 2013 and 2014 in order
to capture the wide breeding phenology of species (Homyack et al. 2014). We recorded
anurans across 3 seasons approximately following the North Carolina Calling Amphibian
Survey Program (CASP) survey dates (North Carolina Partners in Amphibian and Reptile
Conservation, 2014), which were : (1) Winter: January 15 - February 28, (2) Spring:
March 15 - April 30, and (3) Summer: May 15 - June 30. We attached Song Meters on
trees or polyvinyl chloride (PVC) piping at chest level (approximately 1.2 m) and
oriented them facing the site at the perimeter. At roadside ditches, Song Meters were
established at the center point of the sampling segment.
We deployed one Song Meter at sites for five consecutive nights (i.e., sampling
period) and programmed them to record 5 minutes/hour for 8 hours beginning at sunset.
Because Song Meters were programmed to being at sunset, but CASP protocol calls for
surveys to begin 30 minutes after sunset, we did not use the first 5 minute recording of
each night in our analyses. We recorded two sampling periods/season/year at each site.
This robust sampling schedule allowed us to examine temporal variation in calling male
anurans both seasonally and within a night. We manually analyzed recordings using
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SongScope (Wildlife Acoustics, Maynard, MA). A single user (BJ) listened to recordings
and visually scanned spectrograms to identify species.
Data analysis
We used a one-way Analysis of Variance (ANOVA) followed by Tukey HSD
pairwise comparison to assess differences in habitat characteristics by aquatic system
type and stand age class. Habitat variables included hydroperiod, depth, canopy
openness, and vegetation cover. We estimated amphibian and reptile species richness
using the chao index for incidence data. The chao index estimates species richness based
upon the number of rare species detected, i.e. species that were only detected once or
twice during both years of sampling. We conducted Analyses of Similarity (ANOSIM)
using the Bray-Curtis distance metric on all amphibian and reptile species, regardless of
number of occurrences, to test for differences in assemblage composition among aquatic
systems and stand ages. The resulting R statistic indicates how much separation exists
between groups, with values approaching 1 indicating complete separation among
assemblages and values approaching 0 indicating no separation.
We assessed herpetofaunal assemblage structure using non-metric multidimensional scaling (NMDS). Non-metric multi-dimensional scaling is a distance-based
ordination technique that arranges samples according to their rank order of ecological
distance, so that two points in close proximity on the ordination represent sites with
similar species composition, and species that are close together in ordination space tend
to be found at the same site (McCune and Grace 2002). Species incidence data from all
surveys and sites were combined and amphibian and reptile communities were assessed
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separately, as these groups of species respond differently to forest management (Gibbons
et al. 2000). Because ordination results can be sensitive to rare species, only species that
were detected > 1 time were used in the community analysis. We used a random starting
configuration and calculated a Bray-Curtis similarity coefficient to be used in the
analysis. To test the significance of the NMDS solution, we ran a Monte Carlo simulation
using 1000 randomizations. We generated separate ordination plots depicting differences
among aquatic systems and stand age class. We also performed a posthoc fitting of
environmental variables to the distribution of sites on NMDS axes for both analyses.
Specifically, we examined the correlations between NMDS site scores and size (ha),
mean hydroperiod, the maximum water depth, fish presence, mean canopy openness (%),
mean pH and conductivity (µS/cm), and mean vegetation and substrate percent classes.
All statistical analyses were performed in Program R version 3.1.1 (R Core Development
Team, 2014).

RESULTS
Environmental variation among aquatic systems
In both years, many sites dried by May-June, with 19 (37%) drying in 2013 and
28 (53%) drying in 2014. Aquatic system hydroperiods were significantly different (F =
16, p < 0.001) with Tukey HSD pairwise comparisons indicating that roadside ditches
had significantly longer hydroperiods than altered (p < 0.001) and unaltered (p = 0.006)
sites. Roadside ditches retained water throughout the study during both years, with only
one site drying in both years. Roadside ditches had an average hydroperiod of 98%
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(percent of time the site held water during the field season). Altered and unaltered sites
had an average hydroperiod of 64% and 77%, respectively. Most roadside ditches (90%)
had fish present both years, while we detected fish in 17% of altered and 56% of
unaltered sites. Aquatic systems also varied by depth (F = 5.43, p = 0.007). Pairwise
comparison indicated that altered sites were more shallow than unaltered sites (p = 0.009)
by 27 cm and roadside ditches (p = 0.04) by 21 cm (Table 1.1).
We detected a significant difference in canopy openness among aquatic systems
(F = 3.17, p = 0.05), but when we examined pairwise comparisons, we detected no
significant differences, despite all unaltered sites having hardwood species present. Using
a densiometer, unaltered sites had an average canopy openness of 37% whereas altered
sites had an average openness of 56% and roadside ditches 59%. We detected differences
among aquatic sites in aquatic vegetation (F = 6.76, p = 0.002), grass (F = 11.11, p <
0.001) and hard-structured vegetation (F = 8.49, p < 0.001). Roadside ditches has more
cover of aquatic vegetation than unaltered sites (p = 0.002). Altered sites has more cover
of grass than both unaltered sites (p = 0.005) and roadside ditches (p < 0.001), while
roadside ditches had less cover of hard-structured vegetation (cattail and cane) than
altered sites (p < 0.001) and unaltered sites (p = 0.01).
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Table 1.1. Mean (SE) environmental variables for aquatic systems by stand age class, used in the NMDS environmental
overlay.
Size (Ha)

Hydroperiod
(%)a

Max Depth
(cm)

Fishlessb

Canopy
Opennessc

pHa

Conductivity
(mS/cm)a

Altered Ponds
n=18
Early n=6
Middle n=6
Late n=6
Unaltered Ponds
n=16
Early n=6
Middle n=5
Late n=5
Roadside
Ditches n=19

0.20 (0.06)

64 (0.06)

0.45 (0.05)

83.3%

54 (7.78)

7.19 (0.07)

0.051 (0.01)

0.06 (0.02)
0.55 (0.14)
0.07 (0.01)

70 (0.08)
80 (0.05)
46 (0.09)

0.51 (0.09)
0.47 (0.06)
0.40 (0.08)

83.3%
60.0%
100.0%

94 (0.80)
53 (5.13)
21 (4.86)

7.43 (0.09)
7.07 (0.07)
7.02 (0.13)

0.063 (0.01)
0.046 (0.01)
0.043 (0.0)

0.50 (0.16)

77 (0.06)

0.72 (0.07)

43.8%

36 (5.88)

7.29 (0.13)

0.048 (0.0)

0.24 (0.08)
0.72 (0.39)
0.60 (0.31)

87 (0.05)
61 (0.11)
83 (0.11)

0.72 (0.10)
0.60 (0.13)
0.84 (0.13)

0.0%
80.0%
60.0%

59 (7.79)
22 (5.26)
21 (5.45)

7.31 (0.23)
7.10 (0.30)
7.45 (0.12)

0.049 (0.01)
0.057 (0.01)
0.037 (0.0)

na

98 (0.01)

0.66 (0.06)

10.5%

57 (5.73)

7.33 (0.07)

0.100 (0.01)

Early n=6
Middle n=6
Late n=7

na
na
na

99 (0.01)
96 (0.02)
98 (0.02)

0.77 (0.09)
0.50 (0.07)
0.71 (0.14)

16.7%
0.0%
14.3%

85 (5.18)
50 (6.46)
40 (7.23)

7.26 (0.11)
7.28 (0.17)
7.44 (0.08)

0.115 (0.02)
0.096 (0.02)
0.091 (0.03)

a

Average hydroperiod across 2013 and 2014. Hydroperiod taken as percent of time a site held water from January-July 2013
and January-June 2014.
b
Percentage of ponds where fish were never detected during any sampling events in 2013 and 2014.
c
Measured using a spherical densiometer with 0 representing a completely closed canopy and 96 a completely open canopy.
Canopy openness was averaged across all surveys in both years.
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Herpetofaunal richness
During two years of sampling at 53 aquatic sites, we detected 17 amphibian (3
salamander and 14 anuran) and 17 reptile (4 lizard, 8 snake, and 5 turtle) species. One
amphibian and seven reptile species were only detected once (Table 1.2). Of the 34
herpetofauna species we detected, 1 amphibian and 3 reptile species are listed under the
North Carolina Wildlife Resources Commission Wildlife Action Plan as species of
priority [oak toad (Anaxyrus quericicus), spotted turtle (Clemmys guttata), Eastern box
turtle (Terrapene carolina), and common ribbonsnake (Thamnophis sauritus)] (North
Carolina Wildlife Resources Commission, 2015). Carolina anole (Anolis carolinensis)
and spotted turtle were the most common reptiles, occurring at 47% and 44% of sites,
respectively. Southern leopard frog (Lithobates sphenocephalus) was the most common
amphibian, occurring at 91% of sites, with an additional seven amphibian species
occurring at > 50% of the sites [Southern toad (Anaxyrus terrestris) 57%, spring peeper
(Pseudacris crucifer) 76%, little grass frog (Pseudacris occularis) 66%, pinewoods
treefrog (Hyla femoralis) 85%, squirrel treefrog (Hyla squirella) 77%, Southern cricket
frog (Acris gryllus) 81%, and green frog (Lithobates clamitans) 51%].
Visual encounter surveys were effective as we detected 16 amphibian (14 anuran
and 2 salamander) and 17 reptile species across a range of species age classes. Southern
leopard frog, southern cricket frog and pine woods treefrog were the most commonly
detected amphibian species. Green anole and spotted turtle were the most commonly
detected reptiles. One amphibian species [Two-toed amphiuma (Amphiuma means)] and
seven reptile species were detected only once during both years [Eastern glass lizard
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(Ophisauraus ventralis), corn snake (Elaphe guttata), mud snake (Farancia abacura),
Eastern kingsnake (Lampropeltis getula), rough green snake (Opheodrys aestivus),
ribbon snake, and yellowbelly slider (Trachemys scripta)]. Of the other reptile species
detected during VES, cottonmouth (Agkistrodon piscivorous) and five-lined skink
(Eumeces fasciatus) were never detected at altered sites and ground skink (Scincella
lateralis) and mud turtle (Kinosternon subrubrum) were never detected at roadside
ditches (Table 1.2).
During dipnet surveys, we detected one additional salamander species, marbled
salamander, and evidence of breeding (larvae or egg masses) across aquatic systems for
10 anuran species. In 2013 we captured 3,594 individuals from 11 species while in 2014
we only captured 1,875 individuals from 8 amphibian species. In 2013, the majority of
these individuals were southern toad (30%) and Southern leopard frog tadpoles (52%)
while in 2014 the majority of individuals were Southern leopard frog tadpoles (80%). All
tadpole species were detected in both altered and unaltered sites with the exception of
bull frog, which was never detected in altered sites, and little grass frog and Southern
cricket frog, which were never detected in unaltered sites. Four anuran species (Southern
cricket frog, Southern toad, bullfrog, and Southern leopard frog) were detected in
roadside ditches. Larval marbled salamanders were detected in altered and unaltered sites
across all stand ages.
During call surveys, we detected all 14 anurans that were detected during VES.
Despite call surveys targeting male anurans during the breeding season, the addition of
VES and dipnet surveys increased the number of sites we detected amphibians at for
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many of our species relative to just call surveys alone. For example, through VES and
dipnetting, we detected pine woods treefrog at 9 sites, Southern toad at 12 sites, and
Southern cricket frog at 14 sites where call surveys did not detect them. However, for oak
toad, spring peeper, Brimley’s chorus frog (Pseudacris brimleyi), and bull frog, VES and
dipnet surveys did not increase the number of sites with detections. After combining all
survey methods for amphibians captured at > 1 site, oak toad, marbled salamander
(Ambystoma opacum), and Atlantic coast slimy salamander (Plethodon chlorobryonis)
were never detected at roadside ditches. All other amphibian species were detected at
least once at all three aquatic systems (Table 1.2).
Observed amphibian richness ranged from 2 - 15 species/site. Estimated
amphibian species richness among aquatic system type was greatest in altered and
unaltered sites. By stand age class, estimated amphibian richness was greatest in sites
surrounded by middle and late-aged stands (Figure 1.2). All sites had at least one
amphibian species detected across both years. Observed reptile species richness ranged
from 0 - 8 species/site. Estimated reptile richness was similar across all aquatic systems.
By stand age class, estimated reptile richness was also similar (Figure 1.3). All unaltered
sites had at least one reptile species detected, while we observed two roadside ditches and
seven altered sites where reptiles were never detected.
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Table 1.2. List of all species encountered during surveys in 2013 and 2014. Habitat
codes: UAL = Unaltered Site, AL = Altered Site, RD = Roadside Ditch.
Taxon
Common name
Habitat
UAL AL RD
Anurans
Acris gryllus
Southern cricket frog
x
x
x
Anaxyrus quericicus
Oak toad
x
x
Anaxyrus terrestris
Southern toad
x
x
x
Gastrophryne carolinensis
Eastern narrowmouth toad
x
x
x
Hyla chrysoscelis
Cope's gray treefrog
x
x
x
Hyla squirella
Squirrel treefrog
x
x
x
Hyla cinerea
Green treefrog
x
x
x
Hyla femoralis
Pine woods treefrog
x
x
x
Lithobates catesbeiana
Bullfrog
x
x
x
Lithobates clamitans
Green frog
x
x
x
Lithobates sphenocephalus
Southern leopard frog
x
x
x
Pseudacris occularis
Little grass frog
x
x
x
Pseudacris brimleyi
Brimley's chorus frog
x
x
x
Pseudacris crucifer
Spring peeper
x
x
x
Salamanders
Ambystoma opacum
Marbled salamander
x
x
Amphiuma means
Two-toed amphiuma *
x
Atlantic coast slimy
Plethodon chlorobryonis
salamander
x
x
Lizards
Anolis carolinensis
Green anole
x
x
x
Eumeces fasciatus
Five-lined skink
x
x
Ophisauraus ventralis
Eastern glass lizard *
x
Scincella lateralis
Ground skink
x
x
Snakes
Agkistrodon piscivorous
Cottonmouth
x
x
Coluber constrictor
Black racer
x
x
x
Elaphe guttata
Corn snake *
x
Farancia abacura
Mud snake *
x
Nerodia spp.
Watersnake spp.
x
x
x
Lampropeltis getula
Eastern king snake *
x
Opheodrys aestivus
Rough green snake *
x
Thamnophis sauritus
Ribbon snake *
x
Turtles
Clemmys guttata
Spotted turtle
x
x
x
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Chelydra serpentine
Kinosternon subrubrum
Terrapene carolina
Trachemys scripta
* Species only detected once.

Common snapping turtle
Eastern mud turtle
Eastern box turtle
Yellowbelly Slider *

x
x
x

x
x
x

x
x
x

Figure 1.2. Estimated amphibian species richness by aquatic system type (a) and by
stand age class (b) using the chao index for incidence data.

Figure 1.3. Estimated reptile species richness by aquatic system type (a) and by stand
age class (b) using the chao index for incidence data.

Amphibian assemblage composition
Analysis of similarity revealed no differences in amphibian communities among
stand ages (R = 0.009, p = 0.307), but communities were significantly different by
aquatic system type (R = 0.148, p = 0.001). Pairwise comparisons revealed amphibian
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composition differed between all aquatic systems (roadside ditches vs. altered sites, R =
0.231, p = 0.001; roadside ditches vs. unaltered sites, R = 0.132, p = 0.005; unaltered
sites vs. altered sites, R = 0.074, p = 0.024).
Our NMDS resulted in using 3 dimensions, achieving a final stress of 0.15, which
suggests good representation in reduced dimensions for ecological community data
(McCune and Grace 2002). Monte Carlo test for significance showed a mean stress of
0.25 (SD = 0.01), suggesting the NMDS results were significantly more meaningful than
a random structuring of sites and species. Ordination plots based on three axes (Fig. 1.4
and 1.5) revealed that some species clustered closely together and some sites separated in
ordination space. Species clusters included (1) green frog and green treefrog (Hyla
cinerea), (2) southern leopard frog and southern cricket frog, and (3) spring peeper and
pine woods treefrog. After a post-hoc fitting of environmental data, the first cluster was
associated with long hydroperiods. The second cluster wasn’t strongly associated with
any environmental variables. The third cluster was associated with more open canopies
and increased aquatic vegetation at a site.
Roadside ditches and altered sites were spaced further apart in ordination space
relative to unaltered sites, showing that species composition between these sites were
more dissimilar, as supported by our ANOSIM results (Fig. 1.4). Two altered sites were
very distant from the other altered sites, suggesting these two sites had very dissimilar
species composition not only relative to the other aquatic systems, but also relative to
other altered sites (Fig. 1.4). Unaltered sites had more overlap with both altered and ditch
sites, suggesting some unaltered sites had species composition more similar to ditches,
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while other unaltered sites were more similar to altered sites. With stand age classes,
many species overlapped with all three stand age classes, suggesting lack of
independence on stand age (Fig. 1.5). However, one early-aged and one late-aged site
were very distant from similarly aged sites, suggesting species compositions were not
only dissimilar from the other stand ages, but also to similar stand ages.

Figure 1.4. Ordination plot of the first and second axes of the amphibian non-metric
multidimensional scaling (NMDS) with minimum convex hulls drawn around aquatic
system type. Red letters represent species code and shapes represent sites. Species codes
include: PSCR=Pseudacris crucifer, PSBR=Pseusacris brimleyi, PSOC=Pseudacris
occularis, ACGR=Acris gryllus, LISP=Lithobates spenocephalus, LICA=Lithobates
catesbeianus, LICL=Lithobates clamitans, HYSQ=Hyla squirrela, HYFE=Hyla
femoralis, HYCI=Hyla cinerea, HYCH=Hyla chrysoscelis, GACA=Gastrophryne
carolinesis, ANQU=Anaxyrus quercicus, ANTE=Anaxyrus terrestris, PLCH=Plethodon
chlorobryonis, AMOP=Ambystoma opacum.
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Figure 1.5. Ordination plot of the second and third axes of the amphibian non-metric
multidimensional scaling (NMDS) with minimum convex hulls drawn around stand age
class. Red letters represent species code and shapes represent sites.

Reptile assemblage composition
Analysis of Similarity revealed no difference in reptile communities among stand
ages (R = -0.023, p = 0.731), but communities differed by aquatic system type (R =
0.108, p = 0.01). Reptile composition only differed between road side ditches and altered
sites (R = 0.223, p = 0.008; unaltered sites vs. roadside ditch, R = 0.041, p = 0.171;
altered sites vs. unaltered sites, R = 0.08, p = 0.096).
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Our NMDS ordination on reptile assemblage resulted in 2 axes and a final stress
of 0.15, within the range typically found in community data (McCune and Grace 2002).
Our reptile data had too few detections at sites to test the significance of this result using
a Monte Carlo simulation. Ordination plots (Fig. 1.6 and 1.7) revealed little clustering
among species with the exception of a single cluster containing spotted turtle, snapping
turtle (Cheldrya serpentine), and water snakes (Nerodia spp.). After a post-hoc fitting of
environmental variables, related reptile-habitat trends were unclear. Aquatic reptiles
tended to cluster in the bottom right of the diagram, which was not strongly associated
with any environmental variables. Terrestrial snakes and turtles clustered in the upper
right, associated with deeper sites with a soil substrate. Lizard species occurred in the top
left, associated with larger sites and more deciduous leaf substrate, and no species
occurred in the bottom left of the diagram, which was associated with shallow sites, short
hydroperiods, and no fish present.
Convex hulls around aquatic system type still revealed large overlap among the
different aquatic systems (Fig. 1.6). Though we detected differences between roadside
ditches and altered sites in our ANOSIM, the lack of difference in our NMDS may be a
result of removing many species that were detected once. By our NMDS ordination,
aquatic systems supported a similar species composition for common reptiles. Though
sites were spread out in ordination space, overlapping convex hulls around stand age type
suggests there were not distinct reptile assemblages within these systems (Fig. 1.7).
Further, many species overlapped the stand age classes, suggesting these species do not
depend on stand age.
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Figure 1.6. Ordination plot of the reptile non-metric multidimensional scaling (NMDS)
with minimum convex hulls drawn around aquatic system type. Red letters represent
species code and shapes represent sites. Species codes include: EUFA=Eumeces
fasciatus, SCLA=Scincella lateralis, ANCA=Anolis carolinensis, Nerodia=Nerodia spp.,
COCO=Coluber constrictor, AGPI=Agkistrodon piscivorus, TECA=Terrapene carolina,
KISU=Kinosternon subrubrum, CHSE=Chelydra serpentina, CLGU=Clemmys guttata.
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Figure 1.7. Ordination plot of the reptile non-metric multidimensional scaling (NMDS)
with minimum convex hulls drawn around stand age class. Red letters represent species
code and shapes represent sites.

DISCUSSION
We found that aquatic systems surrounded by varying structural conditions can
support a wide range of amphibian and reptile species, including 4 species listed in North
Carolina as priority species. Our results suggest that structural condition of the
surrounding terrestrial environment may not drive community composition at the site
scale. However, amphibian assemblages differed among aquatic systems and between
roadside ditches and altered sites for reptile assemblages. Although it is unclear why we
did not detect differences in species compositions among stand age classes, it is not
surprising that detected differences among aquatic systems. We detected more than 30
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amphibian and reptile species, many with varying life histories, habitat requirements, and
sensitivities to habitat alteration, yet all occurring within an intensively managed pine
landscape.
Amphibian communities
We detected 17 amphibian species across all three aquatic systems. Species
richness was greatest in altered and unaltered sites, which was not surprising given the
wide range of amphibian species we encountered and that many of our amphibian species
are pond-breeding amphibians. Hydroperiod can drive species richness and reproductive
success (Snodgrass et al. 2000, Babbitt 2005, Baldwin et al. 2006). Altered and unaltered
sites in our study area typically fishless ephemeral sites surrounded by forested uplands,
all factors that support reproductive success of pond-breeding amphibians (Russell et al.
2002, Rieger et al. 2004, Semlitsch and Skelly 2007). In contrast, ditches had nearly
permanent water as well as predacious fish, which can limit some amphibian’s ability to
occur there, as well as create unsuitable breeding habitat for some species (Hecnar and
M’Closkey 1997). However, for larger bodied frogs in our study area that can withstand
large fish species and other stressors, such as bullfrogs and green frogs, ditches may
necessary habitat, especially for breeding. Bullfrogs in particular require permanent water
bodies to complete their long tadpole developmental stage. Though species richness was
lower in roadside ditches, we still detected 13 of our 17 amphibian species using these
sites, and other studies have reported many anurans calling near roadside ditches
(Homyack et al. 2014). Ditches in managed forests may still serve as refugia as upland
aquatic sites dry and may mediate dispersal across the landscape (Mazerolle 2004,
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O’Bryan 2014). Ditches in this system occur adjacent to stands, but also within stands,
leading this forest to be highly connected, particularly during heavy rains.
Despite similar amphibian richness, species composition differed between altered
and unaltered sites. This is likely attributed to habitat differences at the site level, such as
shorter hydroperiods and increased vegetation cover at altered sites and longer
hydroperiods and fish in some unaltered sites. Though unaltered sites receive minimal
disturbance from forest management, altered sites still supported 16 amphibian species,
including evidence of reproduction for 10 species. Other research indicates vernal-pool
breeding amphibians oviposit in pools formed during forest-management activities
(Adam and Lacki 1993, DiMauro and Hunter 2002). Timber harvest may benefit some
species of amphibians by opening the canopy (Todd and Andrews 2008), which can
positively influence food quality and improve habitat quality for tadpoles of some frog
species (Semlitsch et al. 2009, Skelly et al. 2014). Despite species composition
differences among all three aquatic systems, we detected evidence of breeding for 11
amphibian species among aquatic systems, including 4 species breeding in roadside
ditches, suggesting these different habitats are not only important for adults, but also for
breeding. These results emphasize that a range of habitat types in this managed forests
promotes diversity of amphibians in this study area by providing a heterogeneous pool of
sites with variable hydroperiods and structural conditions that would be minimized if
only one aquatic system type was present.
Within stand age classes, we found little evidence to suggest that structural
conditions surrounding an aquatic site shaped amphibian communities based on both
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comparisons of richness and communities in ordination space. Though it is unclear why
we saw this trend, our results suggest similar sites embedded in forested landscapes may
support similar amphibian assemblages, regardless of surrounding stand age or structure
(Knutson et al. 1999, Guerry and Hunter 2002, Houlahan and Findlay 2003). However,
heavily shaded ponds can be species poor relative to open canopy ponds, suggesting that
encroachment of overstory vegetation over ponds is associated with species loss (Skelly
et al. 1999, Werner 2007, Walls et al. 2014). Although sites surrounded by late-aged
stands had mature trees and more canopy cover, we did not detect lower species richness
there. Our results imply that ponds surrounded by a variety of stand structures likely
benefit many amphibian species; however, we found no evidence of stand age structuring
amphibian assemblage composition.
Reptile communities
Similar to amphibians, reptile communities were similar among stand age class,
but also did not differ across aquatic system type. This overall lack of difference suggests
that aquatic system type and structural conditions surrounding a site are not the dominant
factors shaping reptile communities. Roadside ditches are well-connected aquatic
systems, which ultimately create a large network of aquatic habitat that may facilitate
movements relative to just ephemeral sites completely surrounded by uplands alone
(O’Bryan 2014). Other factors that we did not measure, such as prey abundance, potential
competitors, and other environmental variables, may have influenced reptile species more
than stand structure and aquatic system type. For example, snake occurrence can be
influenced by a variety of factors, including prey abundance, habitat structure, and
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predation (Owens et al. 2008). Forest management can also affect thermoregulatory
opportunities. Clear-cutting removes the canopy and alters the understory, which affects
daily maximum and nighttime minimum temperatures. These changes can have drastic
effects for some reptile species, but for those species adapted to open spaces and dry
conditions, such as some lizards, these changes may have limited effects (Todd and
Andrews 2008).
Unlike amphibians, which migrate to aquatic systems for breeding, aquatic use by
reptiles is less predictable, increasing complexity between understanding reptiles and
forest management. Detecting these species can also be more difficult. Semi-aquatic
snakes and turtles can be difficult to detect due to cryptic patterns, murky water, and
weather conditions (e.g. favorable conditions for basking) (Mazerolle et al. 2007).
Further, although VES are well-suited for detecting most reptiles, additional survey
methods, such as hoop nets, pitfall traps, and VES at night, likely would have increased
detections (Ryan et al. 2002), as we saw with our amphibian data. Through incidental
observations, we know more reptiles occurred in the study area than we initially
described. We incidentally detected musk turtle (Sternotherus odoratus), garter snake
(Thamnophis sirtalis), painted turtle (Chrysemys picta), cooters (Pseudemys spp.), timber
rattlesnake (Crotalus horridus), Eastern hognose snake (Heterodon platirhinos), and
mole kingsnake (Lampropeltis calligaster). We also detected species at more sites. For
example, through incidental observations, we detected spotted turtles at 4 additional sites
(2 ditches and 2 unaltered sites), black racers at 4 additional sites (1 ditch and 3 unaltered
sites), green anole at 3 additional sites (2 unaltered and 1 altered site), and ground skink
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at 3 unaltered sites. Through incidental observations we also observed one hatchling
yellowbellied slider at a roadside ditch and 2 hatchling spotted turtles at a roadside ditch
and an unaltered site, providing evidence that reptiles were reproductively active in this
forest as well. Additional information on reptile species in this study area is needed to
better understand the role aquatic systems and forest management may play in shaping
reptile communities.

CONCLUSION
A wide range of amphibians and reptiles occur in aquatic systems embedded in an
intensively managed pine landscape. We did not detected differences in communities
among structural conditions surrounding a site, emphasizing that this area is a forestdominated landscape. We additionally observed amphibian and reptile breeding effort,
showing species are not only occurring here, but are also reproductively active and
successfully recruiting individuals. Assessing biodiversity in managed forests provides
information on the impacts forest management has on maintaining amphibians and
reptiles within in an intensively managed landscape. Roadside ditches, other aquatic
systems, and forest management all interact together and effective management plans will
largely depend on a better understanding of how amphibians and reptiles utilize these
systems. The interaction between different aquatic systems and forest management in this
system is complex, but the mixture of aquatic sites and structural conditions appears to
benefit a large number of herpetofaunal species, allowing intensively managed forests to
provide valuable habitat for amphibian and reptiles.
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CHAPTER TWO
ANURAN OCCUPANCY AND BREEDING SITE USE IN AQUATIC SYSTEMS OF
MANAGED PINE LANDSCAPES
INTRODUCTION
Pine plantations in the Southern United States are among the most intensively
managed forests in the world (Shultz 1997), using silvicultural operations such as site
preparation, fertilization, commercial thinning, clear-cut harvesting, and short rotation
periods (Jokela et al. 2010). In the last 60 years, forest management practices have
undergone significant changes, particularly in regard to pine plantation silviculture. Since
1952, pine plantations in the South have increased from 728,000 hectares to over 12.9
million hectares (Jokela et al. 2004, Fox et al. 2007). The contributions of these managed
forests to conserving biodiversity have been well described. Although natural forests and
embedded aquatic features typically support a greater species richness than altered areas
(Guerry and Hunter 2002, Denton and Richter 2013, Walls et al. 2014), there is abundant
evidence that pine plantations can provide valuable habitat for wildlife, including
imperiled species (Wigley et al. 2000, Hartley 2002, Brockerhoff et al. 2008). Managed
forests in the South are composed of a matrix of different stand ages, providing a range of
structural conditions that benefit wildlife species (Wigley et al. 2000). Further, some
areas are set aside for cultural and ecological purposes, including aquatic areas such as
freshwater wetlands and riparian zones (Jones et al. 2010).
Aquatic areas provide important habitat types for many wildlife species.
Amphibian species in particular depend on suitable aquatic sites surrounded by adequate
terrestrial habitat to complete their lifecycle (Semlitsch and Bodie 2003). Aquatic sites
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provide necessary habitat for breeding, larval development, and over-wintering, while the
surrounding terrestrial habitat provides adults and dispersing juveniles with forage and
cover. Among aquatic habitats, small wetlands play critical ecological roles and tend to
support a high species diversity and abundance of amphibians (Russell et al. 2002,
Semlitsch and Bodie 2003, Gibbons et al. 2006). Many of these features occur throughout
managed forests in the South along the Coastal Plain, further benefiting wildlife species
(Leonard et al. 2012). Historically, ditches were created adjacent to and within pine
stands to remove excess water (Cashin et al. 1992). Digging of new drainage systems in
managed forests has essentially stopped in the South, but ditches are still maintained,
creating a large network of interconnected ditches throughout managed forests, which
also benefit a number of amphibian species (Fox et al. 2007, Homyack et al. 2014).
Aquatic systems embedded in pine plantations may still provide habitat for
amphibian species, even when they are altered due to forest management activities. Hylid
and Pseudacris individuals have been found in greater numbers in harvested gaps relative
to bottomland wetlands (undisturbed), which was partially attributed to the more
abundant vegetation found in the disturbed gaps (Cromer et al. 2002). Amphibian species
have been documented using (Mazerolle 2004) and calling in ditch systems (Homyack et
al. 2014). Vernal-pool breeding amphibians often oviposit in pools formed during forest
management activities, such as machinery ruts, as well as in roadside ditches and blocked
drainages (Adam and Lacki 1993, DiMauro and Hunter 2002). Furthermore, forest
management may benefit some species of amphibians by opening the canopy, which can
positively influence food quality and improve habitat quality for tadpoles of some species
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(Todd and Andrews 2008, Hocking and Semlitsch 2008, Skelly et al. 2014). Habitat
characteristics at the site scale may affect a species behavior, while landscape-scale
features, such as forest cover, can also influence where a species occurs (Guerry and
Hunter 2002, Van Buskirk 2005). Although it has been documented that managed forests
conserve biodiversity, the effects of forest management on amphibians is often species
dependent, with population level responses to habitat alteration partially explained by
individual behavior (Cushman 2006).
As amphibian populations continue to be impacted by habitat alteration, disease,
and other threats (Gibbons et al. 2000, Blaustein et al. 2011, Blaustein et al. 2012),
managed forests in the United States may provide a refuge for many amphibian species.
Although effects of forest management in the Southern United States on amphibians are
well described, the roles of different aquatic systems embedded in managed forests in
supporting amphibian species are not well-understood (Cushman 2006, Semlitsch et al.
2009). Improved knowledge of aquatic systems in managed forests is critical to
effectively managing forests for both economic and ecological objectives.
We investigated anuran occupancy and breeding effort in aquatic systems
embedded in an intensively managed pine landscape in the Atlantic Coastal Plain of
North Carolina using single-species multi-season occupancy models. The objective of
this study was to estimate occupancy and detection probabilities of calling male anurans
and to assess differences in observed breeding effort (tadpole presence) in different
aquatic systems, specifically “unaltered sites” that are avoided during forest management
activities, “altered sites” that are managed in conjunction with the surrounding plantation,
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and roadside ditches that are used to lower the water table in forest stands. We
additionally examined the influence of surrounding forest structure and assessed habitat
characteristics at the site and landscape scale as possible predictors of occupancy. We
hypothesized that occupancy probabilities of generalist species would be greater in
roadside ditches relative to other anurans. We also predicted that occupancy of smaller
frog species (such as Hyla and Pseudacris spp.) would be greater in altered and unaltered
sites.

METHODS AND MATERIALS
Study area and aquatic systems
We conducted our study in an intensively managed loblolly pine (Pinus taeda)
landscape along the Coastal Plain of North Carolina (Fig. 1.1). This forest is owned and
managed by Weyerhaeuser Company and spans Craven, Beaufort, and Jones Counties,
NC. Weyerhaeuser manages over 200,000 hectares of pine plantations in North Carolina
that have unimproved logging roads and limited public access. Pine plantation
silviculture for this region typically involves clearcutting mature stands (25-35 years old),
followed by mechanical (V-shearing and bedding) and chemical (banded or broadcast
herbicide prescribed at the stand-level) site preparation, loblolly pine seedlings planted at
1100 trees/ha, fertilization, and one or more commercial thinning entries (Homyack et al.
2014). Pine plantations in this study were approximately 1 – 40 years old. Embedded in
and adjacent to these stands exists a complex ditch network used to drain water from the
stands and promote pine growth. Also embedded in this forest are several types of
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ephemeral and more permanent aquatic systems (Leonard et al. 2012). The landscape
surrounding this study area is a mixture of forest, agriculture lands, and low density
residential housing.
We sampled the three dominant aquatic systems that occur in this area (altered
sites, unaltered sites, and roadside ditches) which vary in the way they are managed and
how much disturbance they receive during forest management activities. We stratified
study sites by the surrounding plantation age (early, middle, and late) to assess how
different structural conditions influence herpetofauna. These sites were surrounded by a
range of forest and non-forest features. We visited > 120 potential aquatic sites January –
May in 2013 and January – March 2014 to identify study sites. Potential aquatic sites
were visited in a random order and were at least 500 m away from other study sites. Due
to difficulty in locating appropriate altered sites in different stand age classes, we were
unable to have a random component for all altered sites, but we did maintain at least 500
m between all sites. Altered aquatic sites were identified using previous Light Detection
and Range (LiDAR) work that predicted small depressions in the study area (Leonard et
al. 2010), while unaltered sites were identified using GIS data and imagery. We identified
roadside ditches using local forestry records. Due to high variability in hydroperiod in
this area (i.e. sites may not have had water during site visits), we selected sites based on
presence of aquatic vegetation, visible ground depressions, and/or standing water. We
cross-referenced potential sites with harvest plans and excluded those with a planned
harvest during the project duration.
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We selected 19 roadside ditches, 18 altered aquatic sites, and 16 unaltered aquatic
sites in our study. Roadside ditches are maintained and used to lower the water table and
improve pine growth and survival. Ditch study sites received routine maintenance
approximately 5 years prior to the study beginning. Because ditches are continuous linear
systems, we monitored randomly selected 150-m transects by generating random middle
points for each roadside ditch transect. Unaltered aquatic sites were not clearcut
harvested, commercial thinned, and did not receive mechanical site preparation, and thus
remained relatively undisturbed (size range = 0.05-2.25 ha). Unaltered sites were more
conspicuous than altered sites since hardwoods are retained and the structural integrity of
the site is maintained. Without LiDAR, altered sites are not easily discerned. Altered sites
were small ephemeral depressions (size range = 0.02-0.86 ha) that received the same
silvicultural treatments as the surrounding stand, resulting in these sites being regularly
disturbed.
We selected aquatic sites embedded in (altered and unaltered sites) or adjacent to
(roadside ditches) plantations across a range of stand ages. We selected sites based on
stand age as a surrogate for structural characteristics. Early aged stands were opencanopy, regenerating clearcuts planted from 2008-2013 (mean age = 2.4 years, SE = 0.3).
Middle-aged stands were commercially thinned 2008-2013 to approximately 210 trees/ha
and were 12-24 years old (mean age = 15.5 years, SE = 0.9). Late aged stands were
previously commercially thinned 1991-2003 (with the exception of one site thinned in
2008, but maintained structural conditions similar to other late aged stands) and were 2140 years old (mean age = 28.1 years, SE =1.4).
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Aquatic site characteristics
At each site, we quantified habitat data before (March) and after leaf-out (May) in
2013 and 2014 to compare habitat characteristics among aquatic systems and for use in
our occupancy models. We measured the size of altered and unaltered sites by walking
the perimeter of each site with a Garmin e-trex10 GPS unit with a WAAS accuracy of < 3
meters (Garmin, Chicago, IL) (Weyrauch and Grubb 2004). We delineated perimeters of
altered and unaltered sites by identifying the high water line, ground depressions, or
abrupt changes in vegetation. We estimated the size of a ditch by measuring the width of
the ditch as its widest point within the 150 m transect, then calculated 150 m * ditch
width, and converted to ha. We estimated water depth (cm) at the deepest point and
canopy openness using a spherical densiometer (Forestry Suppliers, Jackson,
Mississippi). At ditch sites, we measured canopy openness at the center and near both
ends of the 150 m transect and for altered and unaltered sites, we measured canopy
openness near the center of the site, when possible, and at 2-7 locations along the
perimeter. We characterized vegetation cover by estimating the percent of site area
comprised of reeds, aquatic grass, other aquatic vegetation, cattail, switch cane
(Arundinaria gigantea), and grass (1 = < 5%, 2 = ≥ 5 to < 25%, 3 = ≥ 25 to < 50%, 4 = ≥
50 to < 75%, 5 = ≥ 75%) (Weyrauch and Grub 2004). We visually noted fish presence.
During dipnet surveys for amphibians we were also able to further assess fish presence at
sites. During habitat surveys and all site visits, we noted the presence or absence of water.
We estimated hydroperiod as the percent of time a site was holding water by summing
the number of times water was present divided by the total number of unique visits. We
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used this approach because many of our sites temporarily dried and refilled between
visits.
Anuran call surveys
We used automated recording devices (Song Meters model SM2+, Wildlife
Acoustics, Maynard, MA) to document presence of calling male anurans at aquatic sites.
Song Meters are devices commonly used in wildlife studies with research involving
anurans, birds, bats, whales, and other wildlife species (Walls et al. 2014, Depraetere et
al. 2012, Acevedo and Villanueva-Rivera 2006). We equipped Song Meters with two
microphones and recorded at a sample rate of 22050 Hz, capturing the frequencies of all
anurans known to occur in the study area (Homyack et al. 2014). Advantages to using
automated recording devices include less bias from observer disturbance, capturing
temporal variation, and having a permanent record of calling activity.
We deployed Song Meters January-June 2013 and 2014 in order to capture the
wide breeding phenology of all species occurring in the study area (Homyack et al.
2014). We recorded anurans across 3 seasons approximately following the North
Carolina Calling Amphibian Survey Program (CASP) survey dates, which were : (1)
Winter: January 15 - February 28, (2) Spring: March 15 - April 30, and (3) Summer: May
15 - June 30 (North Carolina Partners in Amphibian and Reptile Conservation, 2014). We
attached Song Meters on trees or polyvinyl chloride (PVC) piping at chest level
(approximately 1.2 m) and oriented them facing the site at the perimeter (Fig. 2.1). At
roadside ditches, Song Meters were established at the center point of the sampling
segment. We deployed one Song Meter at sites for five consecutive nights (i.e., sampling
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period) and programmed them to record 5 minutes/hour for 8 hours beginning at sunset.
Because Song Meters were programmed to being at sunset, but CASP protocol calls for
surveys to begin 30 minutes after sunset, we eliminated the first recording of each night
in our analyses. We recorded two sampling periods/season/year at each site. Each year
represented a primary sampling occasion, while each sampling period (5 consecutive
nights) within a year represented a secondary sampling occasion. This robust sampling
schedule allowed us to examine temporal variation in calling male anurans both
seasonally and within a night.
We manually analyzed recordings using SongScope software (Wildlife Acoustics,
Maynard, MA), a powerful spectrogram visualization tool. A single user (BJ) listened to
recordings and visually scanned spectrograms to identify species. Due to the large
number of samples at a single site, we combined samples from each 5-night sample
period, resulting in 6 secondary sampling occasions within one primary sampling period
for use in our occupancy models. Song Meters recorded unique air temperatures for each
5-minute recording and we obtained daily total rain fall estimates from the nearest
National Oceanic and Atmospheric Administration weather station from January-April
2013 and from an on-site weather data from April-June 2013 and January-June 2014
(National Oceanic and Atmospheric Administration Climate Center, 2014). We averaged
temperatures and combined rainfall within each condensed sampling occasion. Although
air temperatures were unique to each site, rainfall data was the same across sites.
We additionally sampled larval anurans using dipnet surveys to record
reproductive effort at aquatic sites to detect differences in breeding among aquatic
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systems. We performed four dipnet surveys April-July 2013 and six surveys March-June
2014 approximately once a month. For altered and unaltered sites, we used dip nets with
a 40.6 cm x 40.6 cm frame and a net that was 40.6 cm deep with a 3/16” mesh. At ditch
sites, due to steep banks, we used a telescoping pool pole with a 40.6 cm x 45.1 cm frame
and a net that was 40.6 cm deep and had a fine mesh. Each site received 5-40 sweeps
based on a visual estimate of the percentage of water available at a site (< 0.1 ha ~ 10
sweeps, ≥ 0.1 to < 0.5 ha ~ 20 sweeps, ≥ 0.5 to < 1 ha ~ 30 sweeps, ≥ 1 ha ~ 40 sweeps)
(Gunzburger 2007). We dipnetted approximately every 4 to 6 meters along the perimeter
of a site using a 1 m scoop while jabbing the net into the substrate towards the shoreline
(Heyer et al. 1994). We also sampled unique micro-habitats that may have been missed,
such as patches of aquatic grass, and we counted and identified larval amphibians in the
field to species when possible (Richter-Boix et al. 2007).
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Figure 2.1. Song Meter set up at an unaltered site.

Data Analysis
We used anuran call data to develop single-species multi-season occupancy
models on nine anuran species to investigate relationships between species occupancy
and environmental covariates (Mackenzie et al. 2003). Incorporating covariates into
occupancy models allows relationships between occupancy and site characteristics and
relationships between detection and site and survey characteristics to be evaluated. Multiseason models incorporate four parameters: ψi, the probability a species occupies site i;
pij, the probability a species is detected at site i on survey j given that is it present at the
site; γt, the probability than an unoccupied site in season t is occupied by the species in
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season t+1; and εt, the probability that a site in season t is unoccupied by the species in
season t+1. Maximum likelihood techniques were used to estimate the previous four
parameters based on the equation (MacKenzie et al. 2003):
L(ψ1, ε, γ, p│X1, … Xn) = ∏𝑁
𝑖=1 Pr(𝑋𝑖 )
where ψ1 refers to the initial occupancy of the first primary sampling period, ε and γ
determine occupancy in the following season, and p is a matrix of detection probabilities.
We modeled dynamic changes in occupancy as a first-order Markov process, meaning
that occupancy at a site in season t depends on the occupancy state at a site in the
previous season, t-1, or ψt+1 = ψt(1-εt) + (1-ψt)γt. Under this model, it is expected that a
site occupied in year t is more likely to be occupied again the following year than a site
that is currently unoccupied.
We addressed assumptions of occupancy models during the study design phase.
Multi-season occupancy models are similar to single-season models in that the population
is assumed to be closed to changes in occupancy within a primary season, but are open to
changes between primary seasons. Movements of species in or out of aquatic sites within
a primary period could violate this assumption. We met this assumption by conducting
surveys within known breeding times of anurans. We designed single-species models to
reflect the core breeding time of that species, which should decrease the likelihood that
species were not available for detection within a primary period (Table 2.1).
Prior to evaluating factors that may influence occupancy, we identified 4
covariates that may cause variation in detection during surveys: Julian day, temperature,
rain, and presence of water. We modeled Julian day as the middle day during a 5-night
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survey using a linear and quadratic effect. We modeled temperature as the average and
maximum air temperature recorded by the Song Meter. We modeled rain as the total
amount of rainfall that occurred one day prior and during the five days of recordings as
well as the number of nights it rained during a sampling period, including the day prior to
recordings beginning. We finally modeled presence of water as a binary covariate. For
our three Ranidae species [Southern leopard frog (Lithobates sphenocephalus), bull frog
(Lithobates catesbeiana), and greenfrog (Lithobates clamitans)], we did not use the
presence of water as a detection covariate because of how closely these species are tied to
the water. We standardized all variables except water presence and total rainfall. We also
tested for differences in detection between years and among surveys, as well as a null
model. Detection covariates were modeled individually as well as all combinations of
covariates for each species to develop models of species-specific detection probabilities.
After top detection covariates were identified for each species, we incorporated
these variables into models that evaluated the influence of site- and landscape-scale
covariates on occupancy probabilities. We modeled species-specific occupancy
probabilities as a function of 9 site-scale and 8 landscape-scale covariates, using a logit
link function. These site- and landscape-scale factors were initially evaluated separately,
and then the variables from top models in each separate analysis were combined into
multi-scale candidate models. At the site-scale, covariates were modeled as single
covariates and additional additive models were created to test the effect of hydroperiod,
stand age, or aquatic system type in combination with the other site-scale covariates
mentioned. At the site level, we used the size of a site in hectares. The age of the stand
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surrounding a site and average canopy openness were continuous covariates. Aquatic
system type was categorized based on our three aquatic systems. Hydroperiod was a
continuous covariate that represented the amount of time a site held water and fishless
was a binary covariate representing if no fish were detected at a site. To model vegetation
structure at a site, we averaged vegetation percent across both years and then combined
average vegetation percent classes to examine aquatic vegetation (reeds, aquatic grass,
and other aquatic vegetation combined), hard-structured vegetation (cane and cattail),
grass, and the combination of all three vegetation variables in an additive model (aquatic
vegetation + grass + hard-structured vegetation). Additionally, we examined 2 local
continuous covariates, the amount of wetland and mature forest surrounding a site.
Covariates were bound between 0 and 1 and represented the proportion area of wetlands
and mature forest > 20 years old within a 50 m radius of a Song Meter (Table 2.2). We
included these covariates to address terrestrial habitat immediately surrounding an
aquatic site which may influence anuran occupancy. For identifying mature forest, we
only assessed Weyerhaeuser managed forest. Wetlands were identified as a combination
of known Weyerhaeuser habitat set-asides (aquatic areas), predicted wet areas (Leonard
et al. 2010), and other hand-delineated wet area using color-infrared (CIR) images. We
compared these identified areas to the National Wetland Inventory (NWI) to identify
additional aquatic features. We did not use NWI alone because it was a poor
representation of small aquatic features (Leonard et al. 2010) and tended to overestimate
the area of wetlands in our study area.
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We characterized habitat features at broader scales in a geographic information
system (GIS) using ArcMap 10.1 (ESRI Inc., Redlands, CA). At the landscape level, we
addressed two scales (50 m and 400 m) to assess possible local habitat use as well as
larger distances that may be relevant to frog movements. Though the 50 m scale does not
represent the landscape, we addressed this scale to examine local features that may
influence anuran species. We examined the landscape at a 400 m radius around a site
because this represents the mean maximum core terrestrial habitat for frogs (Semlitsch
and Bodie 2003). Area of wetland and mature forest > 20 years old were modeled similar
to the site level. We also modeled the amount of young pine stands (< 4 years) and
National Land Cover Database 2011 designation of non-forest (area of barren, scrubland,
herbaceous, and planted/cultivated combined) and forest within a 400 m buffer (NLCD
2011). These three covariates were also bound between 0 and 1 and represented the
proportion of area surrounding a Song Meter. We measured the total length of
Weyerhaeuser roads within a 400 m radius as a continuous covariate and the presence or
absence of a public road within a 400 m radius. Finally, we measured the total length of
internal (non-roadside) ditches at the 50 m scale and to further address available aquatic
habitat, we modeled wetland area (50 m) and ditch length in an additive model (Table 3).
We did not assess any additive models of landscape covariates since these models would
be difficult to interpret without addressing landscape configuration. We also did not
model covariates to address ε and γ parameters due to the short-term duration of this
study.
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We used Akaike’s information criterion (AIC) to assess the weight of evidence
for models by examining ΔAIC and the weight of evidence for a model (Burnham and
Anderson 2002). To assess occupancy by aquatic system type and stand age, we used the
most supported combined site- and landscape-scale model for each species and derived
occupancy probabilities by averaging site-specific occupancy probabilities by aquatic
system type and stand age separately. We felt this was appropriate as we modeled
important habitat variables influencing occupancy by species, but were interested in the
larger picture of occupancy by aquatic system and stand age class. We assessed
occupancy differences among aquatic system types and stand age classes by performing a
two-way Analysis of Variance (ANOVA) assessing aquatic system type, stand age class,
and the interaction of these two factors. We assessed significant differences among
aquatic system type and stand age class with a pairwise comparison using Tukey HSD.
All occupancy analyses were performed in Program Presence 6.4 (Hines 2006).
To assess differences in reproductive effort at sites, we performed a contingency
table analysis using a Fisher Exact Test to examine independence among aquatic system
type and reproduction (tadpole presence). We assessed differences in habitat features
using a two-way ANOVA addressing aquatic system type, stand age class, and an
interaction of these two factors, followed by a pairwise comparison using Tukey HSD for
significant results. The contingency table analysis, two-way ANOVA, and Tukey HSD
comparisons were performed using Program R version 3.1.1 (R Core Development Team,
2014).
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Table 2.1. Timing of largest choruses/breeding season for amphibians in North Carolina
that occurred in the study area, based on the North Carolina Calling Amphibian Survey
Program (CASP) Training Manual.
Family
Bufonidae
Anaxyrus quericicus
Anaxyrus terrestris
Mycrohylidae
Gastrophryne carolinensis
Hylidae
Acris gryllus
Pseudacris brimleyi
Pseudacris crucifer
Pseudacris occularis
Hyla cinerea
Hyla chrysoscelis
Hyla femoralis
Hyla squirella
Ranidae
Lithobates catesbeiana
Lithobates clamitans
Lithobates sphenocephalus

Common Name
Oak toad
Southern toad

Largest Choruses
May - July
April - June

Eastern narrowmouth toad

May - August

Southern cricket frog
Brimley's chorus frog
Spring peeper
Little grass frog
Green treefrog
Cope's gray treefrog
Pine woods treefrog
Squirrel treefrog

April - July
March
January - May
February - July
April - August
April - July
April - August
May - July

Bullfrog
Green frog
Southern leopard frog

April - August
April - July
February - April
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Table 2.2. Site-scale occupancy covariates used in single-species multi-season occupancy model for amphibian species
within a managed South Atlantic Coastal Plain pine forest.
Site
Occupancy
Justification/Hypothesis
Supporting Literature
Covariates
Size
Stand.Age

Species richness is positively correlated with wetland area.
Amphibian species tend to avoid clear-cuts and are
generally more associated with forest cover.
Can.Open
Canopy openness can influence larval development, adult
occupancy, and influence pond characteristics such was
water temperature, macroinvertebrates, and vegetation
growth.
Aq.Veg, Grass, Vegetation provides structure for laying eggs, calling, and
Hard.Struct
cover/forage for tadpoles.
Fishless
Some species of amphibians are sensitive to the presence
of predatory fish.
Aq.Syst

Hydro

%Wet50
%MatFor50

Houlahan and Findlay 2003
Semlitsch et al. 2008, Todd et al. 2009
Werner and Glennemeier 1999, Skelly et al.
2002, Mattfeldt et al. 2009

Kopp et al. 2006, Shulse et al. 2012,
Peterman et al. 2013
Snodgrass etal. 1996, Snodgrass et al. 2000,
Babbitt et al. 2003, Ficetola and Bernardi
2004
Species vary in their use of aquatic system. Ditches may
DiMauro and Hunter 2002, Mazerolle 2004,
mitigate habitat loss and fragmentation, acting as corridors Suislepp et al. 2011, Walls et al. 2014,
in altered environments, but adult amphibians may still
Homyack et al. 2014
seek out higher quality breeding habitats.
Longer hydroperiods may be beneficial for some species, Babbitt et al. 2003, Weyrauch and Grubb
but some species may require aquatic sites with shorter
2004, Babbitt 2005, Baldwin et al. 2006,
hydroperiods, which are less likely to have predatory fish Denton and Richter 2013
present.
Amphibian occurrence increases with an increase in
Knutson 1999, Mazerolle et al. 2005
percent cover of wetlands.
Amphibian occurrence increases with an increase in
DeMaynadier and Hunter 1999, Guerry and
percent cover of forest.
Hunter 2002, Van Buskirk 2005, Mazerolle
et al. 2005
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Table 2.3. Landscape-scale occupancy covariates used in single-species multi-season models for amphibian species within a
managed South Atlantic Coastal Plain pine forest.
Landscape Occupancy
Justification/Hypothesis
Supporting Literature
Covariates
%MatFor50,400

Amphibian occurrence increases with an increase in percent
cover of forest at 50 m and 400 m scales.

%Wet50,400
%YoungFor 400

Species richness is positively correlated with wetland area.
Species occurrence may be negatively affected by an
increase in young forest cover represented by clear-cut sites
to stands < 4 years old.
Amphibians tend to respond negatively to increased nonforest cover.
Increased forest cover, unrelated to a stand being "mature",
may increase a species ability to disperse.
Some species show negative associations with high traffic
roads. Larger roads may also affect more vagile species that
are more likely to encounter these roads.
Roads can affect species differently based on their vagility.
Weyerhaeuser roads in this system also represent roadside
ditches, which may act as corridors in altered environments
for amphibians.
Ditch systems may mitigate habitat loss and fragmentation,
acting as corridors in altered environments.

%NonFor400
%NLCDFor400
HWY400

WEYrd400

Ditch50
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DeMaynadier and Hunter 1999,
Guerry and Hunter 2002, Van
Buskirk 2005, Mazerolle et al.
2005
Houlahan and Findlay 2003
Guerry and Hunter 2002,
Renken et al. 2004.
Guerry and Hunter 2002, Porej
et al. 2004
Gibbs 1998, Houlahan and
Findlay 2003
Carr and Fahrig 2001, Houlahan
and Findlay 2003, Eigenbrod et
al. 2008
Carr and Fahrig 2001, Mazerolle
2004

Mazerolle 2004, Homyack et al.
2014

RESULTS
Environmental variation among aquatic systems
In both years, many sites dried by May-June and never re-filled, with 19 (37%)
drying in 2013 and 28 (53%) drying in 2014. We found a significant interaction between
the effect of aquatic system type and stand age class on hydroperiod (F = 21.77, p >
0.001). Overall we found that hydroperiods were longer in roadside ditches. We
additionally found that as stand age surrounding altered sites increased, hydroperiod
increased in middle-aged stands and then decreased in late-aged stands. In unaltered sites
we found the opposite effect. As stand age increased around unaltered sites, we saw a
decrease in hydroperiod in middle-aged stands and an increase in late-aged stands.
Roadside ditches retained water throughout the study during both years, with only one
site drying in both years. Roadside ditches had an average hydroperiod of 98% (percent
of time the site held water during the field season). Altered and unaltered sites had an
average hydroperiod of 64% and 77%, respectively. Most roadside ditches (90%) had fish
present both years, while we detected fish in 17% of altered and 56% of unaltered sites.
Aquatic systems also varied by depth (F = 5.61, p = 0.006). Pairwise comparison using
Tukey HSD indicated that altered sites were more shallow than unaltered sites (p =
0.009) by 27 cm and roadside ditches (p = 0.04) by 21 cm.
We detected a significant difference in canopy openness among aquatic systems
(F = 10.21, p >0.001) and among stand age class (F = 54.6, p > 0.001), with no
significant interaction effect (F = 1.92, P = 0.12). Unaltered sites had significantly
greater canopy cover than roadside ditches (p > 0.001) and altered sites (p = 0.002).
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Early-aged stands had a significantly more open canopy than middle-aged stands (p
>0.001) and late-aged stands (p > 0.001). Using a densiometer, unaltered sites had an
average canopy openness of 37% whereas altered sites had an average openness of 56%
and roadside ditches 59%. Early-aged stands had an average canopy opened of 84%,
while middle-aged and late-aged stands had an average of 43% and 31% respectively.
We also detected differences among aquatic sites in vegetation characteristics. We
found a significant interaction between the effect of aquatic system type and stand age
class on aquatic vegetation (F = 3.98, p = 0.007). We further found significant differences
among aquatic systems by grass (F = 15.04, p > 0.001) and hard-structured vegetation (F
= 7.94, p = 0.001). In altered and unaltered sites, as stand age increased, the amount of
aquatic vegetation cover decreased. For roadside ditches, we found that aquatic
vegetation cover increased in middle-aged stands and then decreased in late-aged stands.
Altered sites has more cover of grass than both unaltered sites (p = 0.002) and roadside
ditches (p < 0.001), while roadside ditches had less cover of hard-structured vegetation
(cattail and cane) than altered sites (p < 0.001) and unaltered sites (p = 0.01).
Anuran occupancy modeling
We collected approximately 1,454 nights of recordings during 6 sampling periods
in 2013 and 1,569 nights of recordings during 6 sampling periods in 2014, resulting
in1,064 detections of 14 anuran species detected both years. One species, oak toad
(Anaxyrus quericicus), which was detected at 10 sites, is listed under the North Carolina
Wildlife Resources Commission Wildlife Action Plan as species of priority (North
Carolina Wildlife Resources Commission, 2015. Detections for these 14 species ranged
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from 8 to 118 (Mean = 34.1, SD = 28.03) in 2013 and 5 to 131 (Mean = 39.7, SD =
35.56) in 2014 and detections at individual sites ranged from 0 to 22 (Mean = 9.4, SD =
5.91) in 2013 and 0 to 27 in 2014 (Mean = 10.7, SD = 6.15). Minimum occupancy of
species, defined as the proportion of sites where a species was detected at least once,
varied in 2013 from 0.19 to 0.75 in unaltered sites, 0.06 to 0.71 in altered sites, and 0.0 to
1.0 in roadside ditches and in 2014 from 0.0 to 0.82 in unaltered sites, 0.06 to 0.78 in
altered sites, and 0.0 to 0.94 in roadside ditches (Table 2.4). Of the 14 species we
detected during passive call surveys, we selected 9 with sufficient data to run singlespecies multi-season models assessing site- and landscape-scale habitat features.
Estimated probabilities of occurrence varied across species and sites. After
combining most-supported site- and landscape-scale covariates, most species’
occupancies were associated with a combination of site- and landscape-scale habitat
features. Many species had competitive models that were only associated with site-scale
habitat features while the squirrel treefrog (Hyla squirella) was the only species to have a
landscape-scale only model appear as a competitive model (Table 2.5).
Estimated probabilities of occurrence by aquatic system type and stand age class
varied by species and year (Fig. 2.2). We detected a significant interaction on oupancy
between aquatic system type and stand age class for Brimley’s chorus frog (Pseudacris
brimleyi) (2013: F = 5.01, p > 0.001; 2014: F = 4.32, p = 0.005), green frog (2013: F =
3.34, p = 0.02; 2014: F = 2.81, p = 0.04), Southern cricket frog (Acris gryllus) (2013: F =
3.98, p = 0.008; 2014: F = 2.72, p = 0.04), and Southern leopard frog (2013: F = 3.65, p =
0.01). Brimley’s chorus frog occupancy stayed relatively constant in roadside ditches
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among stand age classes, but as stand age increased surrounding altered and unaltered
sites, occupancy decreased. Green frog occupancy decreased in middle-aged stands and
then increased again in late aged stands for roadside ditches and unaltered sites, while in
altered sites, occupancy increased in middle-aged stands, then decreased again in lateaged stands. Southern cricket frog occupancy increased in middle-aged altered sites, but
then decreased again in late-aged stands. Southern leopard frog saw a decrease in
occupancy in roadside ditches and altered sites has stand age increased, but in unaltered
sites there was decreased occupancy in middle-aged stands followed by an increased in
late-aged stands.
Many species had differences in occupancy among aquatic system type.
Brimley’s chorus frog was the only species to have greater occupancy in altered sites
relative to both ditches and unaltered sites in both years, though we also saw an
interaction with stand age class. Little grass frog (Pseudacris occularis) had greater
occupancy in unaltered sites relative to both roadside ditches (p > 0.001) and altered sites
(p = 0.04) both years. Spring peeper (Pseudacris crucifer) had lower occupancy in
ditches relative to both altered (p > 0.001) and unaltered site (p > 0.001) both years. Pine
woods treefrog (Hyla femoralis) also had this same trend (ditch vs. altered: p = 0.05 both
years; ditch vs. unaltered: p = 0.02 both years). Bull frog had greater occupancy in
ditches relative to altered sites (2013: p = 0.008; 2014: p = 0.01). Squirrel treefrog was
the only species to have no difference in occupancy among aquatic systems in either year
and only differed by stand age class in 2013 (F = 3.95, p = 0.03) with Tukey HSD
pairwise comparison indicating that occupancy in early-aged stands was greater relative
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to middle-aged stands (p = 0.02). We detected no difference in occupancy among stand
age class alone for little grass frog, spring peeper, southern leopard frog, green frog, and
southern cricket frog. Bull frogs had significantly lower occupancy in late-aged stands
relative to early-aged stands (2013: p = 0.02; 2014: p = 0.008). Pine woods treefrog had
lower occupancy in late-aged stands relative to both middle-aged (p = 0.002) and earlyaged stands (p > 0.001) both years.
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Table 2.4. Minimum (naïve) occupancy, defined as the proportion of sites where a species was detected at least once, of calling
male anurans in roadside ditches and altered and unaltered sites in 2013 and 2014
Family, Common Name

Bufonidae
Oak toad
Southern toad
Mycrohylidae
Eastern narrow-mouthed toad
Hylidae
Southern cricket frog
Cope's gray treefrog
Green treefrog
Pinewoods treefrog
Squirrel treefrog
Brimley's chorus frog
Spring peeper
Little grass frog
Ranidae
Bullfrog
Green frog
Southern leopard frog

2013
Unaltered Altered Roadside
Sites
Sites
Ditches

2014
Unaltered Altered
Sites
Sites

Roadside
Ditches

0.25
0.25

0.29
0.29

0
0.22

0
0.13

0.17
0.17

0
0.22

0.31

0.29

0

0.06

0.22

0.06

0.38
0.31
0.19
0.5
0.44
0.31
0.75
0.56

0.35
0.18
0.06
0.59
0.71
0.47
0.53
0.65

0.33
0.17
0.11
0.44
0.44
0.06
0.28
0.28

0.25
0.31
0
0.5
0.56
0.38
0.82
0.38

0.17
0.11
0.06
0.39
0.44
0.72
0.78
0.78

0.61
0.17
0.28
0.61
0.61
0.22
0.56
0.39

0.44
0.38
0.75

0.12
0.06
0.65

0.61
0.33
1

0.31
0.44
0.75

0.17
0.11
0.72

0.39
0.61
0.94
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Table 2.5. Most supported (ΔAIC < 2) single-species multi-season occupancy models by species for combined site- and
landscape-scale habitat covariates with the top species-specific detection covariate.
Model, by species
Spring peeper
ψ(aq.syst + aq.veg+%Wet50), gam(.), eps(.), p(julian2 + rain.nights)
ψ(aq.syst + aq.veg + ditch50), gam(.), eps(.), p(julian2 + rain.nights)
ψ(aq.syst + aq.veg), gam(.), eps(.), p(julian2 + rain.nights)
Brimley's chorus frog
ψ(aq.syst + vegetation + ditch50), gam(.), eps(.), p(julian2)
ψ(aq.syst + vegetation + WEYrd400), gam(.), eps(.), p(julian2)
ψ(aq.syst + aq.veg + ditch50), gam(.), eps(.), p(julian2)
ψ(aq.syst + aq.veg + WEYrd400), gam(.), eps(.), p(julian2)
ψ(aq.syst + vegetation + ditch50 + %Wet50), gam(.), eps(.), p(julian2)
ψ(aq.syst + aq.veg), gam(.), eps(.), p(julian2)
Little grass frog
ψ(size + HWY400), gam(.), eps(.), p(julian + rain.total)
ψ(size), gam(.), eps(.), p(julian + rain.total)
ψ(stand.age + size + HWY400), gam(.), eps(.), p(julian + rain.total)
ψ(size + %YoungFor400), gam(.), eps(.), p(julian + rain.total)
Southern cricket frog
ψ(size + hydro), gam(.), eps(.), p (julian2 + water)
ψ(size), gam(.), eps(.), p(julian2 + water)
ψ(size + hydro + WEYrd400), gam(.), eps(.), p(julian2 + water)
ψ(size + hydro + %MatFor400), gam(.), eps(.), p(julian2 + water)
ψ(size + hydro + ditch50), gam(.), eps(.), p(julian2 + water)
ψ(size + %MatFor400), gam(.), eps(.), p(julian2 + water)

56

ΔAIC

w

k

0
0.28
1.87

0.31
0.27
0.12

11
11
10

0
0.66
0.68
1.16
1.71
1.82

0.16
0.11
0.11
0.09
0.07
0.06

12
12
10
10
13
9

0
0.42
0.96
1.36

0.29
0.23
0.18
0.15

8
7
9
8

0
0.45
0.85
1.32
1.42
1.55

0.10
0.08
0.07
0.05
0.05
0.05

9
8
10
10
10
9

ψ(size + hydro + HWY400), gam(.), eps(.), p(julian2 + water)
ψ(size + WEYrd400), gam(.), eps(.), p(julian2 + water)
ψ(size + hydro + %NLCDFor400), gam(.), eps(.), p(julian2 + water)
ψ(size + hydro + %Wet400), gam(.), eps(.), p(julian2 + water)
ψ(size + hydro + %NonFor400), gam(.), eps(.), p(julian2 + water)
ψ(size + hydro + %MatFor50), gam(.), eps(.), p(julian2 + water)
ψ(size + ditch50), gam(.), eps(.), p(julian2 + water)
ψ(size + %NLCD400), gam(.), eps(.), p(julian2 + water)
Pine woods treefrog
ψ(aq.syst + aq.veg + HWY400), gam(.), eps(.), p(julian + rain.total + air.max + water)
ψ(aq.syst + vegetation + %MatFor50), gam(.), eps(.), p(julian + rain.total + air.max +
water)
ψ(hydro + aq.veg + %YoungFor400), gam(.), eps(.), p(julian + rain.total + air.max +
water)
ψ(aq.syst + aq.veg), gam(.), eps(.), p(julian + rain.total + air.max + water)
ψ(aq.syst + aq.veg+%YoungFor400), gam(.), eps(.), p(julian + rain.total + air.max +
water)
Squirrel treefrog
ψ(hard.struct + %Wet400), gam(.), eps(.), p(julian2 + rain.nights + water)
ψ(stand.age + hard.struct + %Wet400), gam(.), eps(.), p(julian2 + rain.nights + water)
ψ(hard.struct), gam(.), eps(.), p(julian2 + rain.nights + water)
ψ(%Wet400), gam(.), eps(.), p(julian2 + rain.nights + water)
Bullfrog
ψ(hydro + hard.struct + %YoungFor400), gam(.), eps(.), p(julian + rain.nights)
ψ(hydro + hard.struct), gam(.), eps(.), p(julian + rain.nights)
Green frog
ψ(hydro + aq.veg), gam(.), eps(.), p(t)
ψ(hydro + vegetation), gam(.), eps(.), p(t)
ψ(hydro + aq.veg + %MatFor400), gam(.), eps(.), p(t)
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1.64
1.73
1.75
1.79
1.8
1.83
1.89
1.99

0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.04

10
9
10
10
10
10
9
9

0

0.17

12

0.22

0.15

14

1.27
1.35

0.09
0.09

11
11

1.74

0.07

12

0
1.18
1.35
1.52

0.31
0.17
0.16
0.14

10
11
9
9

0
0.58

0.57
0.43

9
8

0
1.34
1.58

0.28
0.14
0.13

13
15
14

ψ(hydro + aq.veg + %Wet50 + ditch50), gam(.), eps(.), p(t)
ψ(hydro + aq.veg + %MatFor50), gam(.), eps(.), p(t)
Southern leopard frog
ψ(hydro + %MatFor50 + WEYrd400), gam(.), eps(.), p(t)
ψ(hydro + hard.struct + WEYrd400), gam(.), eps(.), p(t)
ψ(hydro + WEYrd400), gam(.), eps(.), p(t)
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1.63
1.91

0.12
0.11

15
14

0
1.52
1.88

0.26
0.12
0.10

18
18
17

Figure 2.2. Species-specific estimated probabilities of occurrence with standard error bars
by aquatic system type in 2013 (Y1) and 2014 (Y2). Altered sites and ditches are
managed with the surrounding stand and are considered high disturbance systems,
whereas unaltered sites are avoided during forest management activities and are a low
disturbance system, relative to altered sites and ditches.
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Figure 2.3. Species-specific estimated probabilities of occurrence with standard error bars
by stand age class in 2013 (Y1) and 2014 (Y2). Early aged stands were regenerating
clearcuts panted from 2008-2013, middle aged stands were commercially thinned 20082013, and late aged stands were previously commercially thinned 1991-2003 and were
21-40 years old.

Observed breeding effort
We detected amphibian larvae in all three aquatic systems during both years. In
2013, we observed larvae in 44% of roadside ditches, 53% of altered sites, and 56% of
unaltered sites. Similarly in 2014, we observed larvae in 33% of roadside ditches, 61% of
altered sites, and 69% of unaltered sites. During dipnet surveys, we captured 3,568
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individuals of 10 anuran species in 2013 and 1,736 individuals of 7 anuran species in
2014. In 2013, the majority (82%) of these individuals were southern toad (Anaxyrus
terrestris) (30%) and southern leopard frog tadpoles (52%) while in 2014 the majority
(80%) of individuals were Southern leopard frog tadpoles. Across both years, we detected
8 tadpole species in both altered and unaltered sites and 4 species in roadside ditches
(Table 2.6). Of the 8 species detected in altered and unaltered sites, 4 of these species
[Southern cricket frog, Eastern narrowmouth toad (Gastrophryne carolinensis),
Brimley’s chorus frog, and little grass frog] had over 90% of individuals detected in
altered sites. We conducted a contingency analysis using the Fisher’s exact test to test for
independence between aquatic system type and tadpole presence on nine species using
combined tadpole data from 2013 and 2014 (Southern leopard frog, green frog, bullfrog,
pine woods treefrog, Southern toad, little grass frog, spring peeper, Brimley’s chorus
frog, and Southern cricket frog). Of these, we found that breeding was dependent on
aquatic system type for spring peeper (p = 0.002), pine woods treefrog (p = 0.004), green
frog (p = 0.03), and Southern leopard frog (p = 0.04). In all three of these cases, breeding
was absent (spring peeper, pine woods treefrog, green frog) or reduced (Southern leopard
frog) in roadside ditches.
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Table 2.6. Tadpole capture, expressed as catch per unite effort (CPUE), during dipnet sampling in April-July 2013 (n=4) and
March-June 2014 (n=6) with standard error and the number of sites each species was detected at.
Mean CPUE ± SE
Unaltered Sites
(Number of sites detected)

Altered Sites
(Number of sites detected)

Roadside Ditch
(Number of sites detected)

2013

2014

2013

2014

2013

–

–

0.29 ± 0.2 (2)

NC

0.05 ± 0 (1)

2.09 ± 3.1 (5)

1.71 ± 0.3 (2)

0.75 ± 0.5 (9)

0.20 ± 0 (1)
–

Brimley's chorus frog

–

0.04 ± 0 (2)

6 ± 0 (1)

1.16 ± 1.3 (7)

–

–

Little grass frog

–

–

0.52 ± 0.3 (3)

0.1 ± 0 (1)

–

–

27.24 ± 24.4 (2)

–

8.49 ± 4.5 (3)

–

Narrowmouth toad

0.05 ± 0 (1)

–

0.77 ± 0.6 (2)

–

12.17 ± 10.9 (3)
–

1.80 ± 0.7 (2)
–

Pine woods treefrog

2.75 ± 1.8 (4)

–

2.67 ± 1.0 (7)

–

–

–

Bullfrog

0.50 ± 0.3 (2)

–

–

–

–

0.1 ± 0 (1)

0.27 ± 0.1 (1)
8.39 ± 4.7 (6)

–

–

3.58 ± 4.0 (10)

0.43 ± 0.2 (8)

–
0.47 ± 0.3 (4)

Southern cricket frog
Spring peeper

Southern toad

Green frog
Southern leopard frog

0.82 ± 0.3 (3)
4.96 ± 3.4 (9)

0.05 ± 0 (1)
1.65 ± 1.4 (9)
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2014
–
–

DISCUSSION
Within the Atlantic Coastal plain, managed pine plantations contain aquatic
systems that are subjected to a range of disturbance intensity. Our results suggest the
aquatic systems we studied supported a wide range of frog and toad species. While a
variety of site- and landscape-scale variables were the primary drivers of occupancy,
when sites were analyzed strictly from the perspective of aquatic systems, we found
variable effects of aquatic system type across species, while we found little effect by
stand age class. Though we primarily modeled species that were of little conservation
concern, common species are still important in ecosystems. Common species usually
represent a large portion of the biomass where they occur and can contribute
disproportionately to ecosystem function relative to uncommon species (Gaston and
Fuller 2007). Further, common species are impacted by the same risks as rare species
(Rustigian et al. 2003).
Species responses to aquatic systems were often a function of habitat
characteristics at the site-scale. For example, the importance of hydroperiod to anurans is
well documented and influences some amphibian species occurring in our study area
(Babbitt 2005, Baldwin et al. 2006, Denton and Richter 2013). Ditches in this study were
nearly permanent systems, and we found that Southern leopard frog, bull frog, and green
frog all had positive relationships with hydroperiod, as well as had reduced occupancy in
altered systems, which were sites that tended to be ephemeral. These permanent sites are
likely important breeding habitat for these species, particularly bull frogs, which need
sites with permanent water in order to complete their long tadpole developmental stage.
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Vegetation differences at the site-level among aquatic systems may also influence
occupancy for some species. We found that of our nine species that we modeled, six
species had relationships with one or more of our vegetation covariates that appeared in
nearly every single most-competitive model. Altered sites were highly vegetated sites
with greater hard-structured vegetation cover than roadside ditches, greater grass cover
than both unaltered and roadside ditches, and large amount of aquatic vegetation cover.
Vegetation at wetlands provides forage and cover for tadpoles as well as cover for adults,
structure for males to call from, and egg attachment sites (Dorcas and Gibbons 2008).
Vegetation differences seen among aquatic systems are, in part, due to the forest
management that occurs at these sites. Although altered sites are heavily disturbed by
forest management, this management regime may be promoting vegetation at these sites,
creating habitat that some amphibian species are more likely to occupy. Further,
management activities such as clear-cut harvesting and commercial thinning decrease
pond shading and can increase water temperature, enhancing larval development for
some pond-breeding amphibians (Skelly et al. 2014).
Structural condition surrounding an aquatic site did not influence occupancy for
most of these species in our study area. It is possible this trend was observed because the
study area is a forest-dominated landscape. Studies have shown that heavily shaded
ponds are species poor relative to open canopy ponds, suggesting that encroachment of
overstory vegetation within ponds is associated with species loss (Skelly et al. 1999,
Werner 2007). Although mean occupancy decreased with increasing stand age (and to
some extent increasing canopy cover) this difference was significant for only two species
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both years (pine woods treefrog and bullfrog). Further adding to this, none of our nine
modeled species had canopy openness show up as a driving factor explaining occupancy,
and only two species had stand age show up in the most-supported occupancy models.
Calling at aquatic systems suggests that male anurans in this study area are
reproductively active across the majority of sites. Other research has observed adult frogs
at ditches, but found no sign of reproductive activity (Mazerolle 2004) and some research
has suggested altered sites may act as ecological traps (Dimauro and Hunter 2002).
Contrary to these studies though, other research has shown managed forests can support
many species of calling male anurans in ditches (Homyack et al. 2014) and that forest
management techniques, such as clearcutting, benefits many tadpole species through
increased survival and faster development (Semlitsch et al. 2009). We detected
amphibian larvae across all three aquatic systems in all stand ages in both years,
suggesting all habitat types provide breeding opportunities for at least a portion of the
regional assemblage. Lower captures of individuals and total species in 2014 were likely
related to more sites being dry in June relative to 2013 and that no sampling occurred in
July 2014. Of the species we were able to conduct a contingency table analysis, we found
the majority of these species breeding were independent of aquatic system type. This may
have been in part due to the low number of total sites where individual species were
detected breeding at. Where we did detect that breeding was dependent on aquatic system
type, we found reduced (Southern leopard frogs) or no breeding effort (spring peeper,
pine woods treefrog, and green frog) in roadside ditches. The majority of our species did
not breed in roadside ditches, but these species were also only detected at one or two
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altered or unaltered sites. Though we did not follow the fate of observed tadpoles, we did
witness dispersing metamorphs at multiple sites, such as southern leopard frog, spring
peepers, Brimley’s chorus frog, pine woods treefrog, and southern toad. Future work that
examines reproductive success and juvenile dispersal in different aquatic systems and
stand ages would provide insight into how different aquatic systems in managed forests
contribute to persistence of these species.

CONCLUSION
Managed forests are a shifting mosaic, with large landscape changes occurring
each year at a fairly constant rate, making it difficult to capture changes and apply it to
multi-year datasets. Furthermore, this study area is a forest-dominated landscape with
many connected aquatic features, which at the landscape scale likely represents suitable
habitat for the majority of these amphibian species. In the context of disturbance events
from forest management, historically this landscape would have been exposed to many
natural large-scale disturbance events, such as fire and hurricanes (Semlitsch and Skelly
2007). Consequently, amphibians in this area may have evolved to withstand periodic
large-scale disturbances. Forest management practices, such as clear-cutting and
commercial thinning, differ from natural disturbances in intensity, frequency, and extent,
yet may partially satisfy niche requirements for anuran species that require early
successional habitat. Consequently, the contributions of managed pine forests to
biodiversity conservation may be greater than previously appreciated. Without such
landscapes, and in the context of fire-suppression, succession would likely occur and a
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mature forest-dominated landscape would render some species less successful in this
environment (Semlitsch and Skelly 2007).
Our analyses show that species occupancy varied by aquatic system type, with
different site- and landscape-scale habitat characteristics influencing occupancy, while
stand age surrounding an aquatic site had little effect on occupancy for the majority of the
species we modeled. Given different life histories of the many species occurring in this
area, it is expected that species would respond differently to aquatic sites that vary in
their habitat characteristics. Roadside ditches provided well connected habitat with long
hydroperiods that may be critical for large bodied anurans with long developmental
stages and may also provide routes for anuran dispersal into forest stands or to other
aquatic features. Altered and unaltered sites also provide suitable habitat for a number of
species, both as adults and for tadpole development. We detected breeding effort at over
half of these aquatic sites, suggesting species are calling and reproductively active. Forest
management in this area is likely maintaining regional diversity of anuran species by
creating a wide range of aquatic systems and structural conditions that support the many
different life histories of anurans that occur across the South Atlantic Coastal Plain.
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APPENDIX A
Description of aquatic sites
Table A1. List of aquatic sites with associated forest management characteristics.
Site Name
HPIE1
HPIE2
HPIE9
HPIL2
HPIL3
HPIL4
HPIM1
HPIM2
HPIM3
HPME1
HPME2
HPME3
HPML3
HPML4
HPMM2
HPMM6
PPIE13
PPIE15
PPIE8
PPIL16
PPIL3
PPIL33
PPIL34
PPIM12
PPIM14
PPIM8
PPME4

Wetland Type
Unaltered Pond
Unaltered Pond
Unaltered Pond
Unaltered Pond
Unaltered Pond
Unaltered Pond
Unaltered Pond
Unaltered Pond
Unaltered Pond
Unaltered Pond
Unaltered Pond
Unaltered Pond
Unaltered Pond
Unaltered Pond
Unaltered Pond
Unaltered Pond
Altered Pond
Altered Pond
Altered Pond
Altered Pond
Altered Pond
Altered Pond
Altered Pond
Altered Pond
Altered Pond
Altered Pond
Altered Pond

Stand Age
Early
Early
Early
Late
Late
Late
Middle
Middle
Middle
Early
Early
Early
Late
Late
Middle
Middle
Early
Early
Early
Late
Late
Late
Late
Middle
Middle
Middle
Early

Area (ha)
0.153
0.521
0.12
0.329
1.788
0.507
0.209
0.459
2.246
0.083
0.101
0.455
0.346
0.049
0.537
0.153
0.054
0.025
0.017
0.104
0.052
0.033
0.081
0.859
0.765
0.520
0.130

Plant
Yeara
2012
2012
2013
1977
1992
1988
2000
1991
1999
2012
2011
2010
1991
1988
2000
1996
2008
2008
2009
1983
1982
1989
1991
2001
2001
2000
2009

Thin Yeara
1998
2004
2002
2012
2009
2009
2004
2002
2011
2008
1996
1997
2002
2003
2012
2012
2012
-
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Thin Typea
Select
3rd row
5th row
Select
Select
Select
3rd row
5th row
Select
Select
5th row
5th row
5th row
3rd row
Select
2nd row
3rd row
-

Ditch
Maintenance
-

% Wet 2013b
91.3
68
87.5
100
55d
47.8d
54.2d
20d
58.8d
100
95.7d
100
100
100
92
9.5d
29.2d
60d
91.7
13d
50d
16.7d
18.8d
100
94.7
75
89.5d

%Wet 2014
72.2d
68.8d
81.3d
100
76.5d
46.7d
75d
64.3d
83.3d
100
75d
100
100
100
100
53.8d
52.9d
46.7d
75d
56.3d
72.2d
0
66.7d
100
50d
71.4d
73.3d

PPME6
PPME7
PPML15
PPML30
PPMM17
**PPMM18
PPMM9
RDIE10
RDIE2
RDIE3
*RDIL2
**RDIL4
RDIL6
RDIL8
RDIM2
RDIM3
RDIM5
RDME3
RDME4
RDME5
RDML4
RDML5
RDML8
RDMM1
RDMM3
RDMM4

Altered Pond
Altered Pond
Altered Pond
Altered Pond
Altered Pond
Altered Pond
Altered Pond
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch
Roadside Ditch

Early
Early
Late
Late
Middle
Middle
Middle
Early
Early
Early
Late
Late
Late
Late
Middle
Middle
Middle
Early
Early
Early
Late
Late
Late
Middle
Middle
Middle

0.039
0.067
0.063
0.132
0.025
0.573
0.050
-

na
na
1980
1987
2000
2000
1996
2010
2011
2011
1985
1975
1973
1982
2000
1996
2000
2012
2011
2011
1989
1989
1988
1989
1992
1998

1994
2009
2012
2014
2008
na
1992
1996
1996
2011
2008
2012
2001
2001
2001
2009
2009
2009

a

5th row
5th row
Select
Unk.
Select
na
5th row
Select
5th row
Select
Select
Select
na
5th row
5th row
na
Select
Select

2008
2009
2008
na
na
2009
2008
2012
2009
2010
2008
2008
2008
2008
2008
2008
2009
na
2008

95.2
66.7d
d
1.1
88.9
56d
88.9
100
100
100
88.9d
100
100
100
d
95.8
100
100
100
96.7
100
100
100
100
100
100

86.7d
76.9d
d
50
60d
76.9d
75d
69.2d
100
94.4
100
100
100
100
80d
d
82.4
100
100
100
100
100
100
100
100
100
93.8

Dashes (-) represent information not applicable for that site. NA represents missing information.
Percent wet was calculated as the number of times a site was observed wet divided by the total number of unique visits to a
site. This value does not represent the amount of time a site held water during an entire year.
d
Sites that dried during the season. Sites that didn’t dry during the season but had hydroperiods with less than 100%
experienced flash events, meaning a site dried, but quickly refilled again.
* Represents sites only surveyed in 2013.
** Represents sites only surveyed in 2014.
b
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Unaltered Site, Early-aged Stand

Unaltered Site, Late-aged Stand

Altered Site, Early-aged Stand

Altered Site, Middle-aged Stand

Roadside Ditch, Late-aged Stand

Roadside Ditch, Early-aged Stand

Figure A1. Examples of aquatic system types embedded and adjacent to different stand ages.
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APPENDIX B
Complete list of species encountered and how they were detected
Table B1. List of amphibian and reptile species observed during call surveys (C), dipnet
surveys (D), visual surveys (V), and incidentally from January-July 2013 and JanuaryJune 2014 at Big Pocosin tract and surrounding smaller tracts in Beaufort, Craven, and
Jones Counties, North Carolina, USA. Species denoted with * and ** were only
detected once formally during surveys in 2013 or 2014 respectively. Species noted as
incidental were never detected during surveys, but species detected during surveys may
have additionally been seen incidentally.
Anurans:
1. Southern cricket frog (Acris gryllus) – C,D,V
2. Oak toad (Anaxyrus quercicus) – C,V
3. Southern toad (Anaxyrus terrestris) – C,D,V
4. Eastern narrowmouth toad (Gastrophryne carolinensis) – C,D,V
5. Cope’s gray treefrog (Hyla chrysoscelis) – C,V
6. Green treefrog (Hyla cinerea) – C,V
7. Pine woods treefrog (Hyla femoralis) – C,D,V
8. Squirrel treefrog (Hyla squirella) – C,V
9. Brimley's chorus frog (Pseudacris brimleyi) – C,D,V
10. Spring peeper (Pseudacris crucifer) – C,D,V
11. Little grass frog (Pseudacris occularis) – C,D,V
12. Bullfrog (Lithobates catesbeiana) – C,D,V
13. Green frog (Lithobates clamitans) – C,D,V
14. Southern leopard frog (Lithobates sphenocephalus) – C,D,V
Salamanders:
1. Marbled salamander (Ambystoma opacum) – D
2. **Two-toed amphiuma (Amphiuma means) – V
3. Red-backed salamander (Plethodon cinereus) – Incidental
4. Atlantic coast slimy salamander (Plethodon chlorogryonis) – V
Lizards:
1. Green Anole (Anolis carolinensis) – V
2. Five-lined Skink (Eumeces fasciatus) – V
3. **Eastern Glass Lizard (Ophisauraus ventralis) – V
4. Ground Skink (Scincella lateralis) – V
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Snakes:
1. Cottonmouth (Agkistrodon piscivorous) – V
2. Black Racer (Coluber constrictor) – V
3. Timber Rattlesnake (Crotalus horridus) – Incidental
4. **Corn Snake (Elaphe guttata) – V
5. **Mud Snake (Farancia abacura) – V
6. Eastern hognose snake (Heterodon platirhinos) – Incidental
7. Mole king snake (Lampropeltis calligaster) – Incidental
8. **Eastern Kingsnake (Lampropeltis getula) – V
9. Redbelly Watersnake (Nerodia erythrogaster) – V
10. Banded Watersnake (Nerodia fasciata) – V
11. **Rough Green Snake (Opheodrys aestivus) –V
12. **Ribbon snake (Thamnophis sauritus) – V
13. Eastern garter snake (Thamnophis sirtalis) – Incidental
Turtles:
1. Common Snapping Turtle (Chelydra serpentine) – V
2. Painted Turtle (Chrysemys picta) – Incidental
3. Spotted Turtle (Clemmys guttata) – V
4. Eastern Mud Turtle (Kinosternon subrubrum) – V
5. Cooter Spp. (Pseudemys spp.) – Incidental
6. Common Musk Turtle (Sternotherus odoratus) – Incidental
7. Eastern Box Turtle (Terrapene carolina) – V
8. **Yellowbelly Slider (Trachemys scipta) – V
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APPENDIX C
Spectrograms showing species unique call signature

Bull frog

Southern leopard frog with spring peepers calling in distance

Green frog

Little grass frog
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Spring peeper

Brimley’s chorus frog

Southern cricket frog with insect and other noise at the middle and low frequency

Green treefrog with insect noise in the upper frequencies
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Cope’s gray treefrog with high insect noise in the middle and upper frequencies

Squirrel treefrog

Pine woods treefrog

Southern toad
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Oak toad with insect noise at the middle frequency

Eastern narrowmouth toad with insect noise at the middle frequency

Spectrogram of multiple species calling at once

A second spectrogram showing multiple species calling at once
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APPENDIX D
A priori single-species multi-season occupancy models
Table D.1. All a priori detection models tested in single-species multi-season occupancy
models. p(water) models were not tests for Southern leopard frog, bull frog, or green
frog.
Detection Only Models
ψ(.), gam(.), eps(.), p(.)
ψ(.), gam(.), eps(.), p(t)
ψ(.), gam(.), eps(.), p(year)
ψ(.), gam(.), eps(.), p(julian)
ψ(.), gam(.), eps(.), p(julian^2)
ψ(.), gam(.), eps(.), p(air.max)
ψ(.), gam(.), eps(.), p(air.avg)
ψ(.), gam(.), eps(.), p(rain.total)
ψ(.), gam(.), eps(.), p(rain.nights)
ψ(.), gam(.), eps(.), p(water)
ψ(.), gam(.), eps(.), p(julian^2+water)
ψ(.), gam(.), eps(.), p(julian^2+air.max)
ψ(.), gam(.), eps(.), p(julian^2+air.avg)
ψ(.), gam(.), eps(.), p(julian^2+rain.total)
ψ(.), gam(.), eps(.), p(julian^2+rain.nights)
ψ(.), gam(.), eps(.), p(julian+water)
ψ(.), gam(.), eps(.), p(julian+air.max)
ψ(.), gam(.), eps(.), p(julian+air.avg)
ψ(.), gam(.), eps(.), p(julian+rain.total)
ψ(.), gam(.), eps(.), p(julian+rain.nights)
ψ(.), gam(.), eps(.), p(water+rain.total)
ψ(.), gam(.), eps(.), p(water+rain.nights)
ψ(.), gam(.), eps(.), p(water+air.max)
ψ(.), gam(.), eps(.), p(water+air.avg)
ψ(.), gam(.), eps(.), p(air.max+rain.total)
ψ(.), gam(.), eps(.), p(air.avg+rain.total)
ψ(.), gam(.), eps(.), p(air.max+rain.nights)
ψ(.), gam(.), eps(.), p(air.avg+rain.nights)
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Table D.2. All a priori site-scale occupancy models tested in single-species multi-season
occupancy models. p(top.model) refers to using the species-specific top detection model
in the occupancy models. Vegetation covariate refers to the additive model of all three
vegetation types (aq.veg + grass + hard.structure).
Site-Scale Occupancy Models
ψ(.), gam(.), eps(.), p(.)
ψ(.), gam(.), eps(.), p(top.model)
ψ(hydro), gam(.), eps(.), p(top.model)
ψ(size), gam(.), eps(.), p(top.model)
ψ(stand.age), gam(.), eps(.), p(top.model)
ψ(can.open), gam(.), eps(.), p(top.model)
ψ(vegetation), gam(.), eps(.), p(top.model)
ψ(hard.struct), gam(.), eps(.), p(top.model)
ψ(aq.veg), gam(.), eps(.), p(top.model)
ψ(grass), gam(.), eps(.), p(top.model)
ψ(fishless), gam(.), eps(.), p(top.model)
ψ(aq.syst), gam(.), eps(.), p(top.model)
ψ(%wet), gam(.), eps(.), p(top.model)
ψ(%MatFor50), gam(.), eps(.), p(top.model)
ψ(hydro + size), gam(.), eps(.), p(top.model)
ψ(hydro + can.open), gam(.), eps(.), p(top.model)
ψ(hydro + vegetation), gam(.), eps(.), p(top.model)
ψ(hydro + hard.struct), gam(.), eps(.), p(top.model)
ψ(hydro + aq.veg), gam(.), eps(.), p(top.model)
ψ(hydro + grass), gam(.), eps(.), p(top.model)
ψ(hydro + fishless), gam(.), eps(.), p(top.model)
ψ(hydro + aq.syst), gam(.), eps(.), p(top.model)
ψ(hydro + stand.age), gam(.), eps(.), p(top.model)
ψ(hydro + %Wet50), gam(.), eps(.), p(top.model)
ψ(hydro + %MatFor50), gam(.), eps(.), p(top.model)
ψ(aq.syst + size), gam(.), eps(.), p(top.model)
ψ(aq.syst + stand.age), gam(.), eps(.), p(top.model)
ψ(aq.syst + can.open), gam(.), eps(.), p(top.model)
ψ(aq.syst + vegetation), gam(.), eps(.), p(top.model)
ψ(aq.syst + hard.struct), gam(.), eps(.), p(top.model)
ψ(aq.syst + aq.veg), gam(.), eps(.), p(top.model)
ψ(aq.syst + grass), gam(.), eps(.), p(top.model)
ψ(aq.syst + fishless), gam(.), eps(.), p(top.model)
ψ(aq.syst + %Wet50), gam(.), eps(.), p(top.model)
ψ(aq.syst + %MatFor50), gam(.), eps(.), p(top.model)
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ψ(stand.age + size), gam(.), eps(.), p(top.model)
ψ(stand.age + can.open), gam(.), eps(.), p(top.model)
ψ(stand.age + vegetation), gam(.), eps(.), p(top.model)
ψ(stand.age + hard.struct), gam(.), eps(.), p(top.model)
ψ(stand.age + aq.veg), gam(.), eps(.), p(top.model)
ψ(stand.age + grass), gam(.), eps(.), p(top.model)
ψ(stand.age + fishless), gam(.), eps(.), p(top.model)
ψ(stand.age + %Wet50), gam(.), eps(.), p(top.model)
ψ(stand.age + %MatFor50), gam(.), eps(.), p(top.model)

Table D.3. All a priori landscape-scale occupancy models tested in single-species multiseason occupancy models. p(top.model) refers to using the species-specific top detection
model in the occupancy models.
Landscape-Scale Occupancy Models
ψ(%MatFor50), gam(.), eps(.), p(top.model)
ψ(%MatFor400), gam(.), eps(.), p(top.model)
ψ(%Wet50), gam(.), eps(.), p(top.model)
ψ(%Wet400), gam(.), eps(.), p(top.model)
ψ(%YoungFor400), gam(.), eps(.), p(top.model)
ψ(%NonFor400), gam(.), eps(.), p(top.model)
ψ(%NLCDfor400), gam(.), eps(.), p(top.model)
ψ(HWY400), gam(.), eps(.), p(top.model)
ψ(WEYrd400), gam(.), eps(.), p(top.model)
ψ(Ditch50), gam(.), eps(.), p(top.model)
ψ(%Wet50 + Ditch50), gam(.), eps(.), p(top.model)
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APPENDIX E
Data Sheets
VISUAL ENCOUNTER SURVEY
Site Name:
Air - shade/sun (C):
Wind (beaufort):

Start:
End:
Date:
Observer(s):
/
Water (C) :
RH (%):
Water %: 1 2 3 4 5 6 7
Cloud Cover (%):
Weather: Dry Fog Light rain Rain Fish? Y N

Species/Age
1
2
3
4
5
Comments Dipnet? Y N

Hab.

Species/Age

Hab.

6
7
8
9
10

Age Codes: A=Adult; J=Juvenile; L=Larval; E=Egg; C=Heard calling; D=Distant calling
Habitat Codes: W=Water; EV=Emergent Vegetation; D=Distance,L=Land
Cloud Cover: 0, 10, 25, 50, 75, 90, 100%

DIPNET SURVEY
Site Name:
Air - shade/sun (C):
Wind (beaufort):
Crayfish? Y N

Start:
End:
Date:
Observer(s):
/
Water (C) :
Relative Humidity (%):
Cloud Cover (%):
Weather: Dry Fog Light rain Rain Fish? Y N
# Sweeps made:
Water %: 1 2 3 4 5 6 7

Mark sweep number and what was caught. If nothing caught, don't mark anything.
12345678910-

pHDOCond25% veg

OTHER:
Aq. Macroinverts:
Comments

Cloud Cover: C=Clear, PC=Partially cloudy, MC=Mostly cloudy, O=Overcast
Water codes: 1=full; 2=75%; 3=50; 4=25%; 5=10%; 6=nearly dry; 7=dry
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SM2 INSTALLATION
Site:

Date:

Time:

UTMs:

Water? Y / N

%W: 1 2 3 4 5 6 7

SM2 #:

SD #:

HOBO#:

Comments:

%water: 1=100-90%; 2=75%; 3=50; 4=25%; 5=10%; 6=nearly dry; 7=dry

SM2 REMOVAL
Site:

Date:

Time:

Running? Y / N

Water? Y / N %: 1 2 3 4 5 6 7

Comments:

%water: 1=100-90%; 2=75%; 3=50; 4=25%; 5=10%; 6=nearly dry; 7=dry

HABITAT SITE SURVEYS
Site Name:
Date:
Time:
Season: Early Late
Air(C):
Depth at deepest point(s):
Canopy cover points:
Fish: Y N
DO(%):
pH:
Cond.(mS/cm):
Turbidity: 1 2 3
Tannins: 1 2 3
Temp(C):
Water flow: Still Slow Moving
Perimeter:
Water width:
Water %: 1 2 3 4 5 6 7
Ditch width:
Bank width:
Dominate Substrate: Mud Soil

Decid Leaf

Vegetation %

Decid Leaf Pine Needle Soil

Downed tree

Aq. Grass

Pine Needle
Mud

Leaf/needle mix

Leaf/needle mix

Other:

Loblolly

1=1-4%

2=5-10%
Other aq. Veg

Grass

Dogfennel

Moss Reeds Cane

2=11-25%
3=26-50%

Cattail Stick CWD 1-3 CWD 4-5 Fern

Shrubs

Algae Other Tree Other:

4=51-75%
5=>75%

Tree species (Circle dominant species):

Other/Comments:

Turbidity: 1=Clear; 2=Mixed, some vegetation visible; 3=Cloudy, can't see through water
Tannins: 1=Clear; 2= light brown, visibility slightly impaired; 3=coffee, water nearly
black
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INCIDENTAL DATA
Date:

Time:

Species:
Air (C):
Location: Road

UTMs:
Alive? Y N

Water (C):
3rd stage ditch

Cloud Cover (%):
Weather: Dry

Relative Humidity (%):
Road ditch Wetland

Fog Light rain Rain Snow/Ice
Wind (Beaufort):

Clear-cut Forest

Comments:

Cloud Cover: 0%, 10%, 25%, 50%, 75%, 90%, 100%
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Fish? Y N
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